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FOREWORD 

The solar cell has been an Indispensable element of the U.S. space pro- 
gram. The development of the silicon solar cell Into an efficient, reliable, 
and commercially available device has made our many accomplishments In space 
possible. Not only has the silicon cell been the workhorse power source for 
satellites, but it 1s now also a leading candidate for generating solar- 
electric power on the ground. Looking to the future, to the proposed space 
station, one sees that the Job of photovoltaic power generation Is far from 
over and that the need for high-efficlency, long-life. Inexpensive photo- 
voltaic devices Is stronger than ever. 

This meeting, the sixth of Its kind, was Intended to be a direction- 
setting forum. Each Invited expert was expected to express his or her 
Judgment (1) to help set suitable goals for space solar cell research and 
development, (2) to define the obstacles preventing the attainment of these 
goals, and (3) to bring to the surface the most viable approaches to overcome 
these obstacles. 

At this conference, we added three related overview papers. These 
covered the topics energy storage, plasma Interactions, and space station 
status. The Intent was to present to the photovoltaic community status 
reports In related technologies. 

This was a working meeting where strong emphasis was placed on the ex- 
change and discussion of Ideas and opinions against a background of technical 
presentations. The atmosphere was Informal yet structured, and Individual 
Interaction was encouraged. The discussions were focused on four areas. 

These areas and the Individuals who generally accepted the responsibility of 
managing them are 

High efficiency cells, John Fan, MIT/Lincoln Laboratories 

Radiation damage, Paul Stella, Jet Propulsion Laboratory 

Advanced devices, Hichael Ludowlse, Varlan Associates 

Array technology, Hans Rauschenbach, TRW 

Oral reports from workshops In each of these areas were presented and 
discussed In a plenary session. Written summaries of the workshop conclusions 
prepared by the workshop chairs are Included In this proceedings. 

The coordinated efforts of Henry Curtis, Carolyn Clapper, George Mazarls, 
and Shlrly Livingston were responsible for the successful organization and 
conduct of this meeting. 

Henry Brandhorst 

NASA Lewis Research Center 


Conference Chair 
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NASA-OAST PHOTOVOLTAIC ENERGY CONVERSION PROGRAM 

Jerome P. Mu111n and John C. Lorla 
National Aeronautics and Space Administration 
Washington, D.C. 


NASA ’s operational Space Shuttle capability is ushering in a new era of 
peaceful ventures in space. Future missions, such as space systems with 
manufacturing and advanced scientific laboratory capabilities, advanced direct 
broadcast satellites in GEO, and outer planet exploratory spacecraft will be 
characterized by energy demands extending to 10^ kWhrs. Photovoltaic energy 
conversion systems face significant challenges in meeting these expanding energy 
demands. The ability to deliver large amounts of power in space for long periods 
of time at a‘ reasonable cost is, therefore, a focus of MASA-OAST*s Office of 
Energy Systems efforts. (Figure 1) 


PHOTOVOLTAIC ENERGY CONVERSION PROGRAM 


The NASA program in photovoltaic energy conversion includes research and 
technology development efforts on solar cells, blankets, and arrays. The overall 
objectives are to increase conversion efficiency, reduce mass and cost, and to 
increase the operating lifetimes of photovoltaic converters and arrays. 

(Figure 2) 

Technology thrusts fall into three areas: (1) cell research and technology, 
(2) blankets and arrays, and (3) advanced devices, cell research and technology 
includes fundamental studies in cell physics, radiation damage and annealing, and 
development of high specific power cells. Blanket and array technologies Involve 
identification and demonstration of low-cost fabrication techniques, interconnect 
welding studies, and research on planar and concentrator arrays. Advanced 
devices include research in such areas as thermophotovoltaic energy converters, 
multiple bandgap cascade solar cells, and surface plasmon converters. 

Understanding, and subsequently eliminating, the life limiting failure 
mechanisms in silicon solar cells and development of advanced GaAs cells hold 
promise of lifetimes up to 10 years in GEO with 15% EOL efficiencies. Improved 
welding techniques can reduce costs and Increase reliability. A leading 
contender for near-term high power generation is the Cassegrainian concentrator 
array. Indications are that this concentrator, with flux levels of about 100 
suns, can be produced at relatively low cost. A 4 mm'^ GaAs cell should soon be 
available to operate at 80°C with 20% efficiency. An array of such devices would 
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yield over 200 W/m . Because of recent advances in thin, gridded-back cells and 
low-cost superstrata designs, planar arrays are still of very high interest. 


TECHNOLOGY REQUIREMENTS 


The 1983 Report of a Workshop held at Woods Hole last year by the 
Aeronautics and Space Engineering Board (ASEB) of the National Research Council 
on "NASA's Space Research and Technology Program" describes spacecraft power 
systems technology development as being "essential" in solar arrays and solar 
cells. Solar cell welding, high-performance thin cells, GaAs cells, low-cost 
cells, radiation-resistant and "hardened" solar cells and arrays are listed as 
significant technology issues that require attention. Large flexible solar 
arrays, because of their relatively high power-to-weight ratios, are predicted to 
play an important role in providing higher power for future spacecraft, and their 
continued development is predicted to be an important part of our overall power 
systems technology program. The desired advances enumerated in the ASEB report 
include solar arrays up to 250kW in size, cell efficiencies to 22%, lifetimes 
greater than 10 years, and radiation resistance up to 5 x 10 electrons/ sq.cm. 
(Figure 3) The NASA Photovoltaic Energy Conversion Program is geared to achieve 
these goals by the 1990 time period. 


SPACE STATION 


The dominant feature of the Space Station will be the size of the power 
subsystem. (Figure 4) Bus power requirements at the 75kW level translate into 
multi-hundred kilowatt solar array power levels. Two major components of the 
total life cycle cost for photovoltaic power generation in low earth orbit are 
annual cost of reboost fuel for drag make-up, and initial cost of the solar 
array. Substantial reductions in drag make-up requirements and cell costs can be 
obtained using concentrator arrays with GaAs cells. With these potential 
performance benefits and others, such as reduced current leakage caused by 
interaction with the space plasma and resistance to hostile space environments, 
GaAs concentrator arrays become compelling candidates for advanced development 
for Space Station. 


SPACECRAFT 


Spacecraft needs differ considerably from those of Space Station. (Figure 
5) Space Station is characterized by rugged use by many users calling for high 
power levels, 5000 day-night cycles/year, and heavy emphasis on cost reduction. 
High orbit spacecraft are special purpose systems with more modest power demands; 
only^'^lOO day-night cycles/year, and emphasis on weight reduction. Whereas the 
low earth orbiting space station will experience dense plasmas which cause power 
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losses by drainage and chemical attack, spacecraft experience dilute plasmas 
where spacecraft charging and damaging arcing occur. 

Current spacecraft payload mass fractions are only of the order of 25% of 
the total spacecraft mass. (Figure 6) Power and propulsion constitute about 
K 50% of the total mass. The mass available for payload can be doubled if the bus 
mass fraction of current spacecraft can be reduced by 1/3. Indications are that 
large benefits are potentially available in the power and propulsion technology 
areas to accomplish this reduction in the bus mass. Four-fold reductions in the 
mass of the power systems and three-fold reductions in propulsion system mass are 
realizable through advanced technology which will yield 100 W-hr/kg storage 
systems, 250 W/kg solar arrays, 100 volt power distribution systems, and xenon 
ion propulsion systems. (Figure 7) 


STATE OF THE ART 


The U.S. state of the art in solar arrays is represented by the 66 W/kg SEP 
array design. (Figure 8) A full-scale, reduced-power version of this array will 
be flown on STS-1^< in June, 1984, However, this array is based on technology of 
the early 1970*s. Significant advances have since been achieved. Large area 
(5.9cm X 5.9cm) silicon cells with wrap-around contacts have been baselined for 
the Air Force MILSTAR program. This will be the first use of welded 
interconnects with lightweight Kapton blanket technology. Implementation will 
help to overcome the European lead in welded lightweight GEO blanket technology. 
The OAST 50 >un Si cells represent a light-weight radiation-resistant standard for 
silicon cells. These thin cells have been Incorporated into thin Kapton 
blankets. Deployment of this thin blanket has been proposed using the STAC BEAM 
(Stacking Triangular Articulated Compact Beam), which is a low mass/volume 
alternative to the ASTROMAST. A transparent 6 /im GaAs solar cell, with a 
specific power of 5.7 kW/kg has been tested in the laboratory. This transparent 
cell will result in lower cell temperatures and, consequently, higher 
efficiencies, thereby increasing the potential pay-off of the GaAs solar cell. 
Current plans are to work toward integrating these recent developments into 
advanced array designs. We invite your help in formalizing these plans. We look 
to you for new ideas and new ways to accelerate the technology advances which 
will result in solar arays with specific powers 4 to 5 times that of the SEP 
array. 


SUMMARY 

c 


The NASA-OAST Photovoltaic Energy Conversion Program remains broadly based 
with the focus on integrating technological advances which will result in space 
energy systems to enhance and to enable current and future space activities. The 
trend toward high power requirements remains a major challenge which can be best 
met with an array of technological advances. 
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STRUCTURALLY STABLE. THIN SILICON SOLAR CELLS* 

R. A« Arndt and A. Meulenberg 
COMSAT Laboratories 
Clarksburg. Maryland 


Thin (-50 ym) * silicon solar cells offer some advantages over thicker cells 
for space applications. One of these is that the mass of the cell is much less, 
and since the power output is only fractionally smaller, the power-to-weight ratio 
increases. Another advantage is that, after moderate (-l6^^cm“^) levels of 1 MeV 
electron irradiation, the maximum power of thin cells is greater than that of 
thicker cells that are otherwise identical. Thus, not only is excess weight 
eliminated by use of thin cells but the actual power available at end-of-life is 
greater for satellite missions in most radiation environments. 

One problem that seems to persist with thin cells is the low production-yield. 
Even though 50 ym thick cells are flexible, they are fragile and subject to breakage 
in almost all stages of fabrication. Reported fabrication yields are almost never 
greater than 50%. The fact that the thin wafers are often bowed increases the 
handling problems during fabrication and array assembly. 

We have developed a structure that overcomes many of the handling (and, 
therefore, breakage) problems and which has exhibited yields on a limited number 
of cells (^100) of at least 75%. The cells resulting from this structure are 
quite flat and structurally reinforced to reduce the extreme care usually required 
with thin cells. A schematic cross section of this structure is shown in Figure 1. 

The fabrication process as developed by COMSAT Labs is (briefly) as follows. 

A 6 mil, circular wafer is oxidized on both sides. One side is then patterned with 
a rectangular array of holes in the oxide that are nominally 75 mils square and 
separated by 2 mil spacings. Wells are then etched into the silicon with KOH to a 
depth of 4 mils, leaving a 2 mil, unetched thickness. Two areas on the surface 
are left unetched to provide pads for bonding or testing. All oxide is then 
removed and the rest of the processing is normal; the unetched face is used as the 
illuminated face. When all other processing is complete, a 2 X 2 cm cell is sawed 
from the starting wafer leaving a border that is approximately 10 mils wide. The 
effective thickness, determined by weighing an unmetallized sample, of such a 
cell is *-2.4 mil (61 ym) . 

The structure is not sensitive to variations in processing. Starting wafers 
that are square, instead of circular, can be used to avoid the final sawing step. 
However, the wide borders of the circular wafers do provide support during 


*This paper is based upon work performed at COMSAT Laboratories under a corporate 
task. 



^ processing and are convenient handles. Since most the strength of the final 

structure is in the ribs, variations in wafer thickness and in the thinning process 
are less critical than in the case of planar, thin cell processing. Non-ref lective 
surfaces, different etch-mask oxides, and different etchants could be used without 
detracting from the structure. Observation of the breakage modes indicate that 
* larger (e.g., 4 cm X 4 cm or 2 cm X 6 cm) rib-reinforced cells might be viable as 
well. Variations in the structure could also be introduced to optimize the cell 
mass and production yield. 

Several cells were fabricated in each of two resistivity, p-type wafers; 

0. 1. fi-cm and 1.0 Q-cm. The cells had double antiref lective (DAR) layers of 
TaaOs and AI 2 O 3 . The cells were not optimized for beginning-of-lif e performance 
by the use of techniques such as p"^ back contacts, passivated surfaces, or dot 
contacts.^ A typical I-V curve of a 1 il-cm cell with a fused silica coverslide 
(0.35 m filter) obtained under AMO illumination at 25“C is shown in Figure 2. 

The 0.1 y-cm cells exhibited much the same maximum power, but was ~615 mV 

and Igc was -142 mA. Most of the cells exhibited maximum power outputs of 

~66 mW, but a few were as high as 68 mW. 

Sample cells from each resistivity were irradiated at the Naval Research 
Laboratory with 1 MeV electrons to fluences of 4 X 10^‘*cm~^ and 9 X 10^^cm-“. 

The maximum power (AMO, 25®C) for the 1 fi-cm cells, after these fluences, is 
shown on Figure 3 by the X's. For comparison. Figure 3 also shows the output 
power of a 2 J2-cm, 10 mil thick Violet cell as a function of 1 MeV electron 

fluences. The Vq^ of 0.1 fi-cm cells did not degrade much (~5%) from the 

9 X 10^ “cm”^ fluence, but Igc dropped a great deal and the output power dropped 
(to 44 mW) commensurately . The output of these rib-reinforced cells compares 
favorably with the Violet cells as well as with that of a 50 ym, 10 ', 1 — cm, textured 
surface cell^ (61 mW) for the same irradiation conditions. 

The rib— reinforced cell described here should be a very good candidate 
for space use in that it is lightweight and produces good power output after 
irradiation. Further, the yield (-75%, or greater) is such that it should be 
more economical to fabricate than other structures of similar thickness. 

REFERENCES 

1. A. Meulenberg, Jr., "Development Toward an 18% Efficient Silicon Solar 
Cell," NASA Contract NAS-3-22217, Final Report, April 1983. 

2. B.E. Auspaugh, et al., "Electrical Characteristics of Spectrolab BSF, 

BSR, Textured, 10 ilcm, 50 Micron Advanced OAST Solar Cells As a Function of 
Intensity Temperature, and Irradiation," JPL Publication 78-15, Vol. VI, 

June 15, 1979. 
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1 MeV ELECTRON FLUENCE (ctn-2| 

Figure 3. - naximum pouer output of a Violet cell (2 Q-cm, 10 mil) as a function of 1 HeV electron 
fluence under AHO illumination at 25® C. The X's are data points for a rib-reinforced cell (1 fi-cm) 
under the same conditions. 
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RECENT ADVANCES IN LPE GaAs-BASEO SOLAR CELLS 

G. S. Kamath, R. Y. Loo, and R. C. Knechtll 
Hughes Research Laboratories 

Malibu, California « 


Several modifications have been made to our infinite solution LPE system that 

help fabricate both GaAs-based cells with >25% and thin cells that effectively 

. , aino . _ , , 

reduce power-to-weight ratio for space applications o The most important development 

is the multiwell crucible for multilayer growtho Using a split crucible in one of 

our systems, we have grown’ as many as five layers in succession with varying A1 

levels and dopants. The structures grown have been used to produce thin GaAs cells 

only 10 to 20 \im thick and also to grow cascade cell components. Results of these 

studies will be presented and their applications to the future development of 

GaAs-based cells discussed. 


INTRODUCTION 

Developments during the last five years have led to increased acceptance of the 
GaAs cell as a viable candidate for space power applications. Hughes Research Lab- 
oratories (HRL) has built a few small space panels (see Fig. 1), and their perform- 
ance has been in agreement with predictions based on groxind-based experiments. It 
has been realized for some time that the significant advantages offered by GaAs 
solar cells for space applications could be considerably augmented by developing 
either a thin cell or a multi junction cell. The first would increase the power-to- 
weight advantage, and the second would result in higher efficiency per unit-area. 
These potential benefits have led HRL to direct our efforts to perfecting techniques 
for the fabrication of the novel device structures. 

Since the infinite solution technique has been developed successfully at HRL to 
mass produce large-area GaAs cells, we decided to modify the technique for the 
fabrication of thin cells and multijunction cells. A major requirement was the 
ability to grow multilayer structures of (AlGa)As and GaAs interchangeably. We have 
developed techniques to meet the need and have demonstrated the suitability of our 
LPE technique to grow the complex epitaxial structures. 

EXPERIMENTAL DETAILS 

The LPE growth system developed at HRL has been described previously (ref. 1) 
and is shown in Figure 2. The solutions of GaAs or (AlGa)As used for growth have 
been as large as 6 kg, and we have grown layers out of one solution for periods of 
fo\ir years. One solution was used to fabricate over ten thousand cells during these 
years and gave cells with reproducible efficiencies of over 16% AMO. Large scale 
production of cells from these systems was made possible by growing layers that 
yield up to eighty 2 cm x 2 cm cells per epitaxial growth, and the performance 
characteristics of these cells have been reported previously (ref. 2). 

To enable us to grow the novel structures needed for thin cells and cascade 
cells, we modified the system in two aspects. First, we si±)stituted a multiwell 
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graphite crucible that could house several solutions in one LPE system. Second, we 
provided the system with a more powerful five-zone tenqperature controller that 

' allowed us to obtain the precise temperature profile in the system, as well as a 
reproducible cooling cycle which continuously tailored the profile for uniform 
growth of a series of layers (Fig. 3). 

^ The multiwell system houses up to five solutions with varying A1 compositions 

and dopants. In choosing the dopants, care has to be taken to ensure a vapor 
pressure as low as possible to minimize cross contamination. We use Sn for n-type 
and Ge and/or Be for p-type whenever possible. Since the behavior of these dopants 
varies with the A1 concentration in the solution, the choice has to be made 
specifically for each solution. For example, Ge is ideal for p-type doping of 
solutions with up to 45% Al. If an A1 level higher than that is necessary. Be has 
to be used. In addition, the diffusion characteristics of the dopants at the growth 
temperature have to be considered. For example, if we need to create a p-n homo- 
junction by diffusion of the p-type dopant from the window layer. Be is a good 
choice since its diffusion can be controlled at the growth temperature relatively 
easily. On the contrary, when we need to have a sharp interface between n and p 
layers and thus have minimum interdiffusion, the choice of dopants for n- and p-type 
would be Sn and Ge. Another factor which is important is to maintain the solution 
levels in the various wells uniform so that the substrate can be moved from one 
solution to another without causing appreciable ten?)erature profile variations. 
Finally, the concentration levels of the solutions have to be adjusted to permit 
successive growth of layers with reproducible co.itrol. 

The precise control of temperature profiles and cooling rates necessitated the 
modification of our temperature control system for the LPE furnace. We instituted 
a computer-operated five-zone temperature controller that maintains the required 
temperature profile in the solutions with great reproducibility. The controller has 
been able to adjust the entire growth cycle through a series of epitaxial growths to 
give us multilayer structures. 


RESULTS AND DISCUSSION 

The combination of the multiwell system and the five-zone control enabled us to 
fabricate an all-(AlGa)As cell, shown in Figure 2. We have varied the Al composition 
in the buffer layer from 0 to 50% Al. With this initial accomplishment as a base, we 
proceeded to grow multilayer structures for cascade cells. 

The availability of the system also motivated us to explore the possibility of 
making thin GaAs cells for space. We had clearly demonstrated in prior experimen- 
tation that a 2-mil GaAs cell with only 50 of GaAs is equal in performance to our 
conventional 12-mil cell. Fan (ref. 3) and others have shown in their work that 
only a few microns of GaAs are needed to ensure the maximum efficiency of the ce 
as predicted by theory from the very short minority carrier diffusion length in the 
material. Our earlier cells were obtained by polishing off the extra GaAs after 
cell fabrication. Since it is known that (AlGa)As can be used as a stop etch layer 
(ref. 4) , we decided to grow a GaAs cell structure on a GaAs substrate separated by 
a (AlGa)As layer and determine the feasibility of using the stop etch layer to 
control the removal of the GaAs reproducibly. These structures were grown using the 
new system, and they have provided us with reproducibly controllable structures. 

We are refining various parameters in the process to give us large-area cells and 
exploring the possibility of modifying the technique to permit the reuse of the 
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substrates. Various approaches being used to fabricate thin GaAs solar cells are 
shown in Figure 4. 


SUMMARY AND CONCLUSION 

The availability of the thin cells will greatly enhance the economic viability 
of the GaAs cell by making it competitive with silicon in power-to-weight ratio in 
space applications. In addition, it would greatly lower the cost of the cell itself, 
especially if the reusable substrate becomes a reality. Finally, the present ' 

extension of the infinite solution technique to multiwell systems enables us to 
fabricate cascade cell structures that can deliver efficiencies in excess of 20% AMO 
available from the GaAs cell. 
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Figure 1. - GaAs solar cell panel using HRL 2 cm x 2 cm cells. 






Figure 2. - HRL multiwell epitaxial growth system. 



Figure 3. - The five-zone temperature controller. 
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Figure 4. - Various thin cell structures of GaAs. 
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PROCESS IN MANUFACTURING HIGH EFFICIENCY AlGaAs/GaAs 
SOLAR CELLS BY MO-CVD 

Y. C. M. Yeh, K. I. Chang, and J. Tandon 
Applied Solar Energy Corporation 


Applied Solar Energy Corporation (ASEC) is currently developing manufacturing 
technology for mass producing high efficiency GaAs solar cells. iTiis paper reports our 
progress using a high throughput MO-CVD reactor to produce high efficiency GaAs solar 
cells. TTiickness and doping concentration uniformity of MO-CVD GaAs and AlGaAs layer 
growth are discussed. In addition, new tooling designs are given which increase the 
throughput of solar cell processing. To date, we have produced 2cm x 2cm AlGaAs/GaAs 
solar cells with AMO efficiency up to 16.5%. 


INTRODUCTION 


Applied Solar Energy Corporation (ASEC) is currently developing manufacturing 
technology for mass producing high efficiency GaAs solar cells under a contract from the 
Materials Laboratory, Wright Patterson Air Force Base. After extensive reviewing of 
publications on solar cell structures and coupled with our past working experience on various 
solar cells, we have concluded that the most viable solar cell structure, capable of producing 
radiation-resistant solar cells of AMO efficiency greater than 16% with large area (2x2cm 
or greater), is the AlGaAs/GaAs heteroface GaAs solar cell. The physical structure of such 
a solar cell is shown in Figure 1. In reaching such a conclusion, consideration was given not 
only to the theoretical aspects, but also to various manufacturing aspects. 

In order to meet throughput goals for mass producing GaAs solar cells, we have 
purchased and installed a large MO-CVD system (Cambridge Instrument Model MR-200) with 
a susceptor which was initially capable of processing 20 wafers (up to 75mm diameter) 
during a single growth run. In the MR-200, the sequencing of the gases and the heating 
power are controlled by a microprocessor-based programmable control console. Hence, '* 
operator errors can be reduced, leading to a more reproducible production sequence. 


THICKNESS UNIFORMITY OF EPI-FILMS PRODUCED BY THE ORIGINAL SUSCEPTOR 


After installation of the MO-CVD system, tests were first conducted to determine the 
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thermal time-constant of the system. This information is needed to predict the 
instantaneous temperature of the susceptor. Then in turn, the heating power can be 
programmed. The heating time constant of the MO-CVD system has been determined to be 
about 6.3 minutes as shown in figure 2. 

Next, growth runs of GaAs epi-layers were conducted. Initially, we observed large 
Huctuations in layer thicknesses as a function of positions. The thickness distribution of the 
initial GaAs growth run (run 1) is shown in figure 3. In figure 3, positions 0 through 9 
represent the ten individual facets of the barrel susceptor. In the original susceptor, two 
75mm diameter pockets were machined in each facet, the up-stream pockets are labeled as 
row A and the down-stream pockets are labeled as row B. Subsequently, modifications were 
made in the injection nozzle, which improved the thickness uniformity considerably during 
later growth runs (run 2) as shown in figure 3. The percentage thickness deviation versus 
yield of both runs is shown in table I. By injection nozzle modification, the thickness 
uniformity has been improved to + 28% from the original + 48% value. 

Further modifications were made in reducing the turbulent flow of the gas mixture, 
resulting in a thickness uniformity of + 12%. The thickness uniformity is also quite good for 
samples made within each pocket. The thickness variation of an A1 Ga. As epi-layer 
grown on a single crystal wafer of 75mm diameter is shown in figure 4. * 


THICKNESS AND DOPING CONCENTRATION OF EPI-FILMS PRODUCED BY 
THE NEW HIGH PACKING DENSITY BARREL SUSCEPTOR 


Since the original susceptor had circular pockets, the area utilization of the susceptor 
was poor. In order to improve the throughput of the MO-CVD system, a new high packing 
density barrel susceptor was designed and fabricated. The engineering drawing of such a 
susceptor is shown in figure 5. By using this susceptor, up to ninety rectangular wafers of 
2.5cm X 4.5cm size can be loaded in one growth run, greatly improving the throughput of the 
MO-CVD system. The side view of the new susceptor is shown in the upper-left portion of 
figure 5. In this case, the narrow end (in the left side) is the top up-stream side when the 
barrel susceptor is being used in our vertical reactor. In the lower-left of figure 5, nine 
2.5cm X 4.5cm rectangular wafers are shown to be loaded in one facet of the new susceptor. 
Letters A through I signify the relative position of wafers on each facet. 

The layer thickness distribution of epi-layer growth using the new susceptor can best 
be characterized by the growth of AlGaAs on GaAs subsrate, since AlGaAs can be 
selectively etched off providing accurate thickness information. The AlGaAs layer 
thickness distribution using the new susceptor is shown in table IL For this new susceptor, 
the layer thickness is fairly uniform (+ 17%), for pockets A,B,D,E,G and H i.e., in the 
pockets located in the top two up-stream rows. However, the layer thickness in the bottom- 
row pockets is considerably thinner. New modifications in the pocket location have been 
engineered to reduce this problem and a third generation susceptor has been ordered. 

The doping-concentration distribution of the epi-layers grown using this new susceptor 
is shown in table IIL The values of doping concentration were measured using a Polaron 
Semiconductor Profile Plotter, and cross referenced with Hall measurement data. In table 
in, G, H, and I represent the pockets located in the top, middle, and bottom rows, 
respectively. Hence, from table HI, it is clear that the doping concentration decreases 
towards the down-stream rows. This is most likely due to the non-uniform temperature 
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distribution along the flow-axis of the susceptor, 'fl'.e new modified susceptor is designed to 
reduce this problem. 


PHOTOVOLTAIC RESULIS OF AlGaAs/GaAs SOLAR CELLS 

-*» 


Using the high throughput susceptor, we have successfully fabricated 2cm x 2cm solar 
cells with AMO efficiencies at 28°C up to 16.6%. The light I-V characteristics of the best 
cell is shown in figure 6. The measurement was confirmed at JPL with a X-25 solar 
simulator (Calibrated with GaAs BF cell). The values of Voc (open circuit voltage), Isc 
(short-circuit current), FF (fill-factor) for the best cell are 0.998V, 112 mA and 0.80, 
respectively. 


CONCLUSION 


AlGaAs/GaAs solar cells with energy conversion efficiency higher than 1696 AMO can 
be fabricated on a production scale MO-CVD system. 


TABLE I. - THICKNESS UNIFORMITY OF GaAs EPI-LAYERS 
GROWN IN ASEC'S NO-CVO SYSTEM 


RUN NO. 

THICKNESS DEVIATION 

YIELD 

1 

± 20% 

62% 

± 28% 

81% 

± 48% 

100% 

2 

± 20% 

72% 

± 28% 

100% 


NOTE: RUN NO. 1 - BEFORE INJECTION NOZZLE 
MODIFICATION 

RUN NO. 2 - AFTER MODIFICATION 


< 
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TABLE II. - AIGaAs LAYER THICKNESS DISTRIBUTION OF NEW 
HIGH-DENSITY BARREL SUSCEPTOR 


AVERAGE THICKNESS (MICROMETER) 

A: 0.49 1 0.03 

D: 0.47 + 0.04 

6: 0.54 + 0.05 

B: 0.48 + 0,04 

E: 0.46 + 0.04 

H: 0.51 t 0.05 

C: 0.35 + 0.06 

F; 0.40 i 0.03 

I: 0.36 + 0.05 


AVERAGE THICKNESS FOR A,B.D,E,G, 8 H: 
0. 49 + 0.08 MICROMETER (+ 16?) 


TABLE III. - N-GaAs DOPING CONCENTRATION DISTRIBUTION 
OF NEW HIGH-DENSITY BARREL SUSCEPTOR 


POSITION 

AVE. DOPING CONCENTRATION (cm’^) 

G 

9.3 X 10^^ t 50Z 

H 

3.2 X 10^7 + 40? 

I 

1.2 X 10^^ + 40? 


pCONTACT*.^ 

pAI^Gai-xAs 
pGaAs 9 - 

nGaAs 



AR COATING 



N 


p-n 
■JUNCTION 


— tn^’GaAs 


n CONTACT 


Figure 1. - Structure of AIGaAs/GaAs heteroface solar cell. 
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Figure 2. - Heating time constant determination of HO-CVD system. 
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POSITION 
1 
2 

3 

4 

5 

6 

7 

8 
9 

Figure 4. - A1^6a^_xAs epi-layer thickness determination. 



DATE; MAY 3, 1983 

SAMPLE # R-9 IB 

AVE. THICKNESS (urn) 

0.454 +4.6% 
-7.5% 



0.432 

0.475 
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VOLTAGE, (V) 

Figure 6. - Light current-voltage characteristics of AlGaAs/GaAs solar cell 
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OPTIMAL DESIGN OF GaAs-BASED CONCENTRATOR 
SPACE SOLAR CELLS FOR 100 AMO, 80* C OPERATION 

Chandra Goradia and Manju Gha11a-Gorad1a* 
Cleveland State University 
Cleveland, Ohio 

Henry Curtis 

NASA Lewis Research Center 
Cleveland, Ohio 


Using a detailed computer code and reasonable values of electrical and optical 
material parameters from current published literature, parameter optimization studies 
were performed on three configurations of GaAs— based concentrator solar cells for 
100 AMO, 80“C operation. These studies show the possibility of designing GaAs-based 
solar cells with efficiencies exceeding 22% at 100 AMO 80“C and probable efficiency 
degradation of less than 15% after a 70% reduction in diffusion length in each cell 
region. 


INTRODUCTION 


In a continuing effort to increase the beginning— of— life (BOL) efficiency, 
radiation tolerance and the power/area and power/weight ratios of space solar cell 
panels, NASA has established a near-term goal of developing GaAs-based (with or 
without an AlGaAs window) space concentrator solar cells with a BOL efficiency of 
22% or higher at 100 AMO, 80“C and with high radiation tolerance; a longer term goal 
is to develop multibandgap cascade solar cells with efficiencies exceeding 30%. 

The use of sunlight concentration offers the advantages of 1) higher efficiency, 
2) lower cost per watt, and 3) partial shielding of the solar cells against space 
radiation. The 80®C operation is a result of the current design of the Casagrainian 
concentrator for lOOx concentration. While this higher temperature operation reduces 
the efficiency somewhat, it provides a partial continuous annealing of radiation 
damage in the solar cells. It may later turn out that a still higher operating 

temperature of say 150®C to 200‘*C may be more desirable to provide total continuous 
annealing of radiation damage at some sacrifice in efficiency. 

In an attempt to design a GaAs-based solar cell with 22% or higher efficiency 
at 100 AMO and 80®C, we developed a detailed computer c^de that can simulate both 
•’ p'*'Al Ga^^ As/pGaAs/nGaAs/n GaAs (p/n AlGaAs/GaAs) and n Al^Gaj^_^As/nGaAs/pGaAs/p GaAs 

(n/p AlGaAs/GaAs) solar cells, as well as similar GaAs cells without the AlGaAs 
window. Details on our computer model will be published elsewhere. 


Work of first two authors supported 


under NASA Grant NAG3-249. 
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CALCULATED RESULTS AND DISCUSSION 


Using our computer simulation model, we did a parameter optimization study on 
three cell configurations, namely, the p/n AlGaAs/GaAs, n/p AlGaAs/GaAs and the n/p 
GaAs shallow homojunction. The p/n GaAs homojunction is not considered to be a 
viable space solar cell because radiation tolerance requires a shallow emitter which 
would result in an unacceptably high series resistance. For each configuration, 
actually two parameter optimizations were done: one without any regard to radiation 
degradation and the other taking into account radiation degradation. Since neither 
space- equivalent IMeV electron fluence nor doping-dependent damage coefficients in 
n and p GaAs are reasonably well known, radiation damage calculations were done by 
decreasing the minority carrier diffusion length in each cell region by the same 
factor which took on values of 0.9, 0.7, 0.5, 0.3 and 0.1. This was along the lines 
of [7] and while it does not accurately predict cell performance degradation in a 
space radiation environment, we feel that the method is useful in both initial cell 
design and for a relative comparison among different cell configurations. 

Table 1 gives the optimum values of the key geometrical and material parameters 
of the three GaAs-based cell configurations at 100 AMO, 80® C, taking radiation 
degradation into account. By using somewhat wider emitter and base regions and by 
using a uniform base region doping of 5E17 cm"”^, slightly higher efficiencies (by a 
factor of 1.01) than those of Table 1 can be obtained at the sacrifice of increased 
radiation degradation. By the same token, somewhat improved radiation tolerance 
can be obtained at some sacrifice in BOL efficiency by making the emitter and base 
regions narrower and less heavily doped. Thus, the optimum cell designs of Table 1 
may be regarded as those obtained by a tradeoff between high BOL efficiency and a 
radiation degradation of 10 to 15% after a 70% reduction in diffusion length in 
each cell region. 

Table 2 shows how the photogenerated and dark currents under the open-circuit 
condition are distributed amongst the window, emitter, base and space charge regions 
for each of the three optimized cell configurations at 100 AMO, 80® C. It is seen 
that for high efficiency and high radiation tolerance, the majority of the photo- 
generated current should come from the p-GaAs region, whether it is the emitter or 
the base, since it has long diffusion lengths. Unlike with silicon solar cells, a 
non-negligible contribution to the photogenerated current comes from the emitter 
region; over 60% for the p/n AlGaAs/GaAs cell and over 15% even in the n/p GaAs 
shallow homojunction cell. The majority of the dark current, on the other hand, 
always comes from the base region, with non-negligible contributions from the 
emitter and space charge regions. 

The performance parameters of Table 1 were based on the assumption that the 
recombination velocity window/ emit ter interface is 10** cm/s for the p/n 

and n/p cells with a window and is 10 ^ cm/s at the front surface for the n/p 

shallow homojunction cell. Fugure 1 shows the effect of variation of this recom- 
bination velocity performance parameters u . Not shown is 

which degrades by less than 5% over the range of ^^ 2 * seen that for cells 

with an AlGaAs window the major degradation in cell efficiency occurs for 
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cm/s and is due almost wholly to a decrease in The percentage degradation in 

efficiency as S. ^ varies from 10^ to 10^ cm/s is related to the fractional contri- • 
bution to the pnotocurrent by the emitter region; the larger the fraction of the 
total photocurrent that comes from the emitter, the larger the degradation. The 

# slight increase in FF with increasing is due to the decrease in the ohmic (IR) 

voltage drop across the series resistance at the maximum power point due to reduced 

current. There are actually two conflicting factors affecting the variation of FF 

with S 2 increases, the FF increases due to the above reason but decreases 

due to a reduction in V . Since the first factor dominates, there is a net increase 

oc 

in FF with 

Figures 2, 3 and 4 show the variation of ^oc* ^ with temperature 

for illumination intensities of 1, 10 and 100 for the three cell configurations. 

Also indicated along the appropriate curves are the values of dJ /dT, dV /dT and 

sc oc 

df|/dT. Note that as expected, the magnitude of dV /dT decreases with increasing 

oc 

illumination intensity. Note also that dJ /dT decreases and IdV /dTl increases 

sc ' oc ' 

as we go from the p/n AlGaAs/GaAs to the n/p AlGaAs/GaAs to the n/p GaAs shallow 
homoj unction cell. 

The degradation of FF is due to three factors, all tending to decrease FF with 
increasing T. These are: 1) decrease of 2) increase of and 3) increase of 

the series resistance R itself. The last two factors together give a larger 

s 

ohmic voltage drop across the series resistance with increasing temperature. 

In spite of the performance degradation with increased temperature. Figures 2, 

3, 4 show that GaAs-based cells can yield efficiencies in excess of 18% at 100 AMO 
at 200®C. If it turns out that operation at 200®C provides total or almost total 
continuous annealing of these cells against radiation damage, then these cells 
could be optimized differently for operation at 200® C, 200 AMO and without regard 
to radiation damage. It may then be possible to operate a GaAs~based cell with 
an efficiency of ^^^20% at 100 AMO, 200®C with a very long life in a space radiation 
environment. 

Finally, Figure 5 shows the degradation of ^oc’ ^ three 

cell configurations as a function of L/L^, the ratio of the diffusion length to its 

BOL value, in each of window, emitter, base and buffer/BSF regions. Also indicated 
are the fractional degradations (^ol“\oL^ '^^BOL* percent, for each 

* cell configuration. Here is defined as n at L/L =0.3. Assuming that there 

EOL o 

exists an effective diffusion— length damage coefficient for each cell configura- 
tion under normally incident 1 MeV electrons and that this value is independent 
of the electron fluence 4> and that the standard degradation equation 1/L^=1 /L^VKj^4) 

holds, it is easy to calculate that the fluence increases by three orders of magni- 
tude, one order each, as L/L goes from 0.995 to 0.953 to 0.7 to 0.3. A very crude 

calculation, using K^'^'10~®/e” and L^MOym, then shows that an L/L^=0.3 corresponds 
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to an exposure to a fluence of roughly 10^^ IMeV electrons/cm^ • Of course, we do 
not know what that corresponds to in terms of number of years in geostationary earth 
orbit (GEO). 

It should be made clear that the calculated results of Figure 5 should be 
regarded as being useful only for a relative comparison of the three cell config- 
urations and not for the prediction of cell performance in a space radiation 
environment or, for that matter, even in the laboratory under IMeV electrons. There 
are still too many unknowns to be able to do that with any degree of confidence. 
Amongst those unknowns, in addition to the uncertainties mentioned above, is the 
one about the effect of radiation on the interface or surface recombination velocity 
^12* was assumed constant in the calculations of Figure 5. However, it most 

likely increases with increasing exposure to radiation. In that case, the perfor- 
mance degradation would be more severe than that indicated in Figure 5. 

Bearing in mind the above comments, it appears that the n/p GaAs shallow 
homojunction will most likely exhibit the least amount of radiation degradation 
while the n/p AlGaAs/GaAs will most likely have the highest end-of-life efficiency 
in spite of the somewhat higher radiation degradation. 


CONCLUDING REMARKS 


Using a computer code and realistic and reasonable values of geometrical and 
material parameters, we have presented optimal designs of the p/n AlGaAs/GaAs, n/p 
AlGaAs/GaAs and the n/p GaAs shallow homojunction solar cells. These optimally 
designed cells could possibly meet or closely approach the NASA goal of ri^22% at 
100 AMO, SO'^C. 

Of the three cell configurations, the n/p AlGaAs/GaAs appears to have, at 
100 AMO, 80®C, the highest beginning-of-lif e efficiency of about 24% and the highest 
end-of-life efficiency of about 21%, after 70% degradation of diffusion length in 
all cell regions. The n/p GaAs shallow homo junction cells appears to exhibit the 
highest radiation tolerance while having lower BOL and EOL efficiencies than the 
n/p AlGaAs/GaAs cell. The p/n AlGaAs/GaAs cell has a BOL efficiency of about 23%, 
intermediate between those of the other two, but appears to have the lowest 
radiation tolerance and lowest EOL efficiency. 

These cells can be operated at 100 AMO, 200®C with efficiencies of 18%, 19% 
and 20.6% for the n/p GaAs, p/n AlGaAs/GaAs and n/p AlGaAs/GaAs cells respectively. 
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TABLE 1 . - OPTIHUH PERFORHANCE AND DESIGN PARAHETERS FOR GaAs-BASEO 
SOLAR CELLS FOR 100 AHO, 00* C OPERATION 


Parameter 


Optimum Value 

p/n AlGaAs/GaAs n/p AlGaAs/GaAs n/p GaAs 


Performance: 

" 2 
Short Ckt. Current Density Jg^* A/cm 

Open Ckt. Voltage Vqq, V 
Fill Factor FF, % 

Conversion Efficiency, % 

General : 

Shape 

Cell Area, cm"^ 

Grid Coverage, % 

AR coating _ 

Specific Contact Resistance, ohm-cm^ 
Intrinsic Carrier Concentration in 
GaAs at 300K n^, cm“^ 

Calculated Series Resistance Rg, 


AlGaAs Window : 

Aluminum Fraction x 
Bandgap at 353K E (353K), eV 
Width W^, pm ® 

Diffusion Length , Um 
Doping, Uniform, cm*^ 

SRV at Top of Window Sp, cm/s 
SRV at Window/ Emit ter 
Interface cm/s 

GaAs Emitter : 

Width W^, urn 
Diffusion Length L 2 » Um 
Exponential Doping, cm”^ 

Uniform Electric Field V/cm 


GaAs Base : 

Width W 2 , Mm 

Diffusion Length L 3 , Mm_^ 
Doping, exponential, cm 
Uniform Electric Field V/cm 


GaAs Buffer/BSF Layer : 

Width W^, Mm 
Diffusion Length, Mm 
Uniform Doping, cm”^ 

Effective SRV at 

Base/BSF Interface S 34 , cm/s 


3.539 

3.563 

3.362 

1.124 

1.105 

1.086 

79.25 

83.87 

81.99 

22.97 

24.05 

21.81 


Circular 

Circular 

Circular 

1 

1 

1 

6.2 

6.2 

6.2 

3-layer 

3-layer 

2 -layer 

lE-4 

lE-4 

lE-4 

1.8E6 

1.8E6 

1.8E6 

21.9 

9.03 

15.3 


0.85 

0.85 

— 

2.089 

2.089 

— 

0.05 

0.05 

0 

0.33 

0.13 

— 

1.5E19 

5E18 

— 

1E7 

1E7 

— 

1E4 

1E4 

1E6 


0.5 

0.11 

0.04 

3.2 

0.69 

0.57 

1.5E19 to 3.1E18 

5E18 to 2.5E18 

5E18 to3.8E18 

960 

1920 

2000 


2.0 

2.5 

2.5 

6.7 

CM 

23.5 

5E16 to 3.6E17 

5E16 to 2.6E17 5E16 to2.6E17 

300 

200 

200 


2.0 

2.0 

2.0 

0.53 

2.63 

2.63 

5E18 

1E19 

1E19 

;.8E3 

3.4E3 

3.4E3 
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TABLE 2. - DISTRIBUTION OF PHOTOGENERATED AND DARK CURRENTS AMONGST 
WINDOW, EMITTER, BASE AND SPACE CHARGE REGIONS OF THE 
CELL UNDER OPEN CIRCUIT AT TOO AMO, 80* C 



p/n 

AlGaAs/GaAs 

n/p 

AICaAs/GaAs 

n/p 

GaAs 


J u 
ph 

'^dark 

'^ph 

“^dark 

'^ph 

*^dark 

Region 

a/ cm^ 

A/cm^ 

A/cm^ 

A/cm^ 

A/ cm^ 

A/ cm^ 

Window 

0.071 

— 

0,069 

— 

— 

— 

Emitter 

2.80 

0.57 

1.50 

0.12 

0.61 

1.45 

Base 

0.64 

2.11 

1.60 

3.10 

2.00 

1.64 

Space Charge 

0.12 

0,95 

0.43 

0,38 

0.77 

0.29 

TOTAL 

3.63 

3.63 

3.60 

3.60 

3.38 

3.38 
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Performance parameters as functions of normalized diffusion length in each cell region 
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TWO-DIMENSIONAL COMPUTER SIMULATION OF EMVO AND ORATING SOLAR CELLS 

UNDER AMO ILLUMINATION 

J. L. Gray and R. J. Schwartz 
School of Electrical Engineering 
Purdue University 
West Lafayette, Indiana 


The design of photovoltaic cells for space applications can be a difficult 
task since these devices must be designed for ”end-of-life" operation. The 
degradation of minority carrier diffusion length due to radiation damage can 
make the end-of-life performance of a cell radically different from its as 
fabricated performance. In order to experimentally evaluate the end-of-life 
performance of a cell, it must be irradiated in the laboratory to simulate 
the effects of a space environment. However, this procedure of design, fabrication, 
evaluation, and redesign can be very time consuming. In addition, it is often 
difficult to determine which design parameter is responsible for a change in 
cell performance. Even variations in wafer characteristics and processing 
parameters can be difficult to trace and therefore introduce uncertainties 
in cell evaluation. Because so many uncertainties are involved, the determination 
of an optimum cell design is no easy matter. 

Most of these difficulties can be eliminated by making use of detailed solar 
cell simulation programs. A particular design change can be studied with 
the absolute certainty that nothing else has changed. The effects of radiation 
damage can be studied merely by altering the carrier diffusion length and 
redoing the computer simulation. In addition, since the simulation will 
solve for the electrostatic potential and hole and electron concentrations 
'throughout the interior of the device, one can peer inside the cell itself 
and "see" where recombination occurs, how the current flows, whether the 
back-surface-field is effective, etc. Since most cell structures are two-dimen- 
sional in nature, a code which solves the semiconductor equations in two— dimen- 
sions is necessary in order to best simulate the various devices. All this 
can be accomplished much more quickly than a device can be fabricated. Therefore, 
as an aid to designing cells, such a computer code can be invaluable. 

In this paper, a computer program, SCAP2D (Solar Cell Analysis Program 
in 2-Dimensions), is used to evaluate the Etched Multiple Vertical Junction (EMVJ) 
and grating solar cells. It should be noted that it is only our aim to demonstrate 
how SCAP2D can be used to evaluate cell designs and that the cell designs studied 
are by no means optimal designs. 


THE SCAP2D PROGRAM 

The SCAP2D program solves the three coupled, nonlinear partial differential 
equations, Poisson's Equation and the hole and electron continuity equations, 
simultaneously in two-dimensions using finite differences to discretize the equa- 
tions and Newton's Method to linearize them. The variables solved for are the 
electrostatic potential and the hole and electron concentrations. Each linear 
system of equations is solved directly by Gaussian Elimination. Convergence of 
the Newton Iteration is assumed when the largest correction to the electro- 
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static potential or hole or electron quasi-potential is less than some predetermined 
error, typically 10~® kT. A typical problem involves 2000 nodes with a Jacobi 

* matrix of order 6000 and a bandwidth of 2A3. 

The metal-semiconductor contacts are assumed to be ideally ohmic; that is, 
charge neutrality prevails and both carriers retain their equilibrium values. Other 

* interfaces are described by a Hall-Shockley-Read formulation of surface recombina- 
tion and by a fixed surface charge density. 

Bandgap narrowing is taken into account as described in Ref. 1 and a Caughey- 
Thomas formulation of carrier mobility is used. Auger and a single trap HSR bulk 
recombination mechanism are assumed. 

SCAP2D SIMULATION RESULTS 

The SCAP2D program has been used to examine the effects of radiation damage, 
simulated by reducing the carrier diffusion lengths, on the operation of the EMVJ 
and grating solar cells. Simple schematics of these devices are shown in Figures 
1 and 2. It can be seen that the grating cell is just a special case of the EMVJ 
cell in which the depth of the etched groove is zero. In order to keep the compar- 
isons simple, the only design parameters which were varied were cell thickness, 
etched groove depth, and grid spacing. In addition, so that the shadowing factor 
is constant, it is assumed that the etched groove width is such that shadowing is 
5% for each device. 


' " I ' 




k Figure 1. - Schematic of the EMVJ cell used for the Figure 2 . - Schematic of the grating cell used for the 
SCAP20 simulations. SCAP20 simulations. 
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TABLE 1. - DEVICE PARAMETERS 



Device 

t 

w 

d 

1 

EMVJ 

250pm 

125pm 

100pm 

2 

EMVJ 

250pm 

25pm 

100pm 

3 

EMVJ 

75pm 

25pm 

25pm 

A 

Grating 

75pm 

25pm 

0 

5 

Grating 

250pm 

25pm 

0 


The remaining design parameters are held fixed as follows. All doping profiles 
are complimentary error functions with Junction depths of 3 microns. The emitter 
profile has a surface concentration of 1.5 x 10^® cm“^ while the back-surface-field 
(BSF) has a surface concentration of 3 x 10^° cm“^. The base has a resistivity of 
about 10 ohm-cm. A fixed charge density of 10^^ charges per cm^ is assumed at the 
illuminated surface which has a flatband surface recombination velocity of 1000 
cm/sec. Minority carrier diffusion lengths of from 35 to 800 microns were used 
in the simulations. The simulations were performed for an AMO solar spectrum 
with an incident power of 135 mW/cm^. A perfect anti-reflective coating is 
assumed . 

In Table 1 the simulated devices are described in terms of the three variable 
parameters: t, the device thickness, w, the grid half spacing, and d, the etched 

groove depth. Tabulated results of the simulations, giving the open-circuit 
voltage, short-circuit current, fill factor, efficiency, and collection efficiency, 
are listed in Table 2 for different values of minority carrier diffusion length. 

One fact that is immediately evident is that for long diffusion lengths, the 
EMVJ cell shows no advantage over the grating cell. Indeed, for a minority carrier 
diffusion length of 350 microns, cell design has almost no effect on cell efficiency. 
This is to be expected since all the critical device dimensions are less than a 
diffusion length. For example, comparing Devices 3 and A, which have comparable 
overall dimensions, for a minority carrier diffusion length of 350 microns, we see 
that there is no advantage to having etched groove Junctions. In fact, since the 
emitter volume is so much larger in the EMVJ cell as compared to the grating cell, 
there is more recombination and the open-circuit voltage is reduced. As the diffu- 
sion length is reduced, however, the advantages of an etched Junction become 
apparent. The purpose of the etched groove is to provide a collecting Junction 
close to any generated excess carrier. For carriers to be efficiently collected, 
they should be generated within about a diffusion length of the Junction or they 
may recombine before they can be collected. The EMVJ cell allows carriers generated 
deep within the device to be collected. In the grating cell these carriers have 
a greater distance to diffuse in order to be collected, and therefore more of them 
recombine and are lost. For a minority carrier diffusion length of 35 microns, 
the EMVJ cell (Device 3) is superior to the grating cell (Device A). This is due 
to the greater collection efficiency of the EMVJ cell. Thus, for high end-of-life 
efficiency, a deep etched groove junction is desirable. 



p., 


TABLE 2 . - SCAP2D SIMULATION RESULTS 


[L is minority carrier diffusion length.] 
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Another critical parameter for end-of-life performance is the grid spacing. 

As long as the spacing is shorter than a diffusion length, cell performance is not 
very dependent on this parameter. This can be seen by comparing Devices 1 and 2 
for diffusion lengths of 350 and 800 microns. The improved performance of Device 
1, though it has a larger grid spacing than Device 2, is again due to the different 
relative emitter volumes. For short diffusion lengths, however, the difference 
in performance is dramatic. For Device 1, with a grid half spacing of 125 microns, 
most of carriers generated between the grid lines are too far from the junction 
to be collected efficiently. Therefore, it is important to keep the grid half 
spacing less than the expected end-of-life diffusion length. 

Cell performance is least sensitive to the device thickness. When a device 
has a back-surface-field, two competing effects determine the optimum thickness. 

The device needs to be thick enough so that nearly all the incident photons with 
sufficient energy generate electron-hole pairs, and the device needs to be thin 
enough so that the BSF barrier will be effective. In order for the BSF to be 
effective, the thickness of the device must be less than a diffusion length. If 
the end-of-life diffusion length is expected to be much less than 100 microns, 
devices thin enough to make the BSF work may not be practical. 

In Figure 3, the minority carrier concentration in the base of Device 3 is 
shown for a diffusion .length of 800 microns. The illuminated surface is along the 
x-axis at y = 0. The collecting contact is parallel to the y-axis. We can see 
that the BSF is very effective at containing the minority carriers in this case 
as the carrier concentration is nearly constant throughout the base region. Look- 
ing at the same device for a diffusion length of 35 microns in Figure A, the back- 
surface-field is not effective since the minority carriers tend to recombine before 
they encounter the BSF. Both figures show the minority carrier concentration at 
the maximum power point. 


CONCLUSIONS 

Using a detailed simulation program, SCAP2D, the effects of radiation damage, 
as simulated by changing the minority carrier diffusion length, on EMVJ cell design 
were studied. The design parameters examined were device thickness, grid half 
spacing, and etched groove junction depth. For long diffusion lengths, cell per- 
formance was relatively insensitive to these parameters. End-of-life (small 
minority carrier diffusion length) , was found to be very sensitive to both the grid 
half spacing and to the etched groove depth. These parameters must be chosen so 
that most carriers are generated within a diffusion length of the collecting junc- 
tion. Because end-of-life diffusion lengths are small, BSF’s do not greatly improve 
cell performance, and therefore end-of-life design is not very sensitive to cell 
thickness. 
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x-axis: 5 to 25 microns 

y-axis; 0 to 75 microns 

2-axis: 0 to axio’^cra”^ 

Figure 3. - Minority carrier concentration within the base of Device 3 operating at the maximum 
power point with a minority carrier diffusion length of 800 pm. The x and y axes have 
the same meaning as in Fig. 1. The z-axis is the minority carrier concentration. 
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X-axis: 5 to 25 microns 

y-axis: 0 to 75 microns 

1A -3 

z-axis: 0 to 3x10 cm 


Figure 4. - Minority carrier concentration within the base of Device 3 operating at the maximum 
power point with a minority carrier diffusion length of 35 ijm* 
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RADIATION TESTING OF GaAs ON CRRES 
AND LIPS EXPERIMENTS 

Terry M. Trumble and Kenneth Nasloski 
Air Force Wright Aeronautical Laboratories (AFWAL/POOC) 
Wright-Patterson Air Force Base, Ohio 


In the past decade the radiation damage of solar cells has become a prime 
concern to the U.S. Air Force due to longer satellite lifetime requirements (i.e., 

7i years) with the accompanying increase in radiation fluence. To complement 
existing radiation testing accomplished in industry and through AFWAL in-house 
radiation testing, two major efforts were undertaken, flight experiments on the Navy 
Living Plume Shield (LPS) satellite and the NASA/Air Force Combined Release and 
Radiation Effects Satellite (CRRES). This paper describes each experiment, the 
rationale behind it, and its approach and status. 


LIPS Background 

The Living Plume Shield satellite is a Navy test satellite launched 9 February 
1983. The satellite electrical power is provided by three double sided solar array 
panels that were erected after the satellite was in orbit. One side of one panel 
contains 300 2cm x 2cm GaAs solar cells having a beginning-of-life (BOL) efficiency 
of 15i%. The other sides contain silicon solar cells. The LIPS is a slowly 
rotating gravity gradient oriented satellite in a 600nm circular orbit inclined at 
63°. Thc~radiation environment predicted for a one year exposure is a fluence of 
1.9 X lO''^ e/cm^. 

The specially built GaAs panel is shown in figure 1. The panel consists of 300 
2cm X 2cm cells electrically connected in 12 parallel banks of 25 cells in series. 
Open circuit voltage of the array approaches 25 volts, short circuit current at air 
mass zero is 1.2 amperes and maximum power at beginning-of-life is 23 watts. Table 1 
provides the physical specifications on the GaAs cells, while table 2 provides the 
material specifications of the cells and figure 2 shows the baseline design. The 
experimental GaAs panel provides a portion of the satellite's power along with five 
conventional silicon panels. A resistor load bank was designed to obtain current 
and voltage of the GaAs panel under various load conditioning. This data can be 
telemetered back to earth on a daily basis. 


APPROACH 


► Data has been available from the LIPS satellite on an intermittent basis. The 
first 30 days no data could be taken because the GaAs panel was not oriented toward 
the sun or the satellite was not over the tracking station. Initial data indicated 
a 5.5% power loss and about a 5% loss in current. The most recent data is combined 
with earlier data to cover the period from day 32 to day 170 (figure 3). Data up to 
day 230 has been received with the maximum power averaging around 21 watts and short 
circuit current around 1.12 amperes. 
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The initial power drop was unexpected based on laboratory tests of similar GaAs 
cells. The most recent data; however, does correlate quite nicely with predicted 
values. Reasons for the initial 5 % power drop are not certain. This effort was 
also noticed in the NTS-II flight experiment where after eighty days the cells 
annealed and recovered a portion of the initial drop. 


CRRES Background 

The goal of the CRRES GaAs flight test is to measure the effect of space 
radiation (protons, electrons, ions) on gallium arsenide solar cells while 
simultaneously measuring the radiation flux levels and energy distributions. Also 
methods of space thermal annealing will be investigated. A matrix of effects 
involving coverglass thickness, coverglass material, adhesives, soldering versus 
welding and substrate materials will be studied using small sample segments. This 
information will be very beneficial towards determining optimal GaAs panel design. 


APPROACH 


Two GaAs solar cell panels will be made, a 10" x 14" ambient temperature panel 
with 12 cell strings and a 5" x 8.125" annealing panel with 8 cell strings. The 
ambient panel will be designed as a matrix experiment utilizing combinations of 
coverglass thickness, coverglass material, adhesives, soldering and welding, and 
cell efficiencies. The annealing panel will contain two ambient temperature 
reference cell strings and will test two cells strings each for continuous annealing 
at 150 C, forward current heating for 2 hours at 250°C and intermittent annealing 
using a heater for heating at 250 C for two hours. The CRRES will fly two orbits, a 
circular LEO orbit at 300km for 45 days maximum, and an elliptical orbit 330km to 
35000km for the remaining three years. 

Table 3, the Need for Space Flight Testing, illustrates the dramatic difference 
in the simulated space environment versus the real space environment. The survival 
and production of power by GaAs solar cells on the LIPS experiment is a step 
forward, however, not until we can identify and isolate GaAs solar cell degradation 
causes can an optimum panel be built. Only a controlled experiment in a space 
environment can accomplish part of this task. Correlation of cell degradation 
versus particle flux at specified times using on-board radiation monitoring 
experiments will help to accomplish part of this task. The CRRES satellite 
experiment is designed to provide newer, more accurate information for upgrading the 
radiation belt models. 

Figure 4 is a graphic illustration of the complexity of the radiation modeling 
problem, excluding temporal effects. 


SUMMARY 


The capsule summary shown in this paper is provided primarily as an update on 
events in the area of GaAs solar cell radiation studies. Additional work is 
proceeding at OPL on protons, omnidirectional effects of radiation and backside 
radiation. In January 1984 the real time radiation testing and annealing studies in 
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« a vacuum will begin at the Naval Research Laboratory. As further data is received 
from the Navy on the LIPS satellite a more comprehensive analysis of the data will 
be completed. This data should substantiate the fact that GaAs solar cells are at 
least as good as laboratory testing shows, and possibly measurably better. Data 
scatter from the LIPS and periods of no data have raised all sorts of speculation as 
* to the appropriate way to interpret the data. Based upon present data, a series of 
tests are being planned for the second LIPS panel at Wright Patterson AFB. Ground 
testing on this panel is expected to start within the next few months. 


TABLE 1 . - GaAs PHYSICAL SPECIFICATIOHS 


Cell size 


Length 

0.79 in. 


Width 

0.79 in. 


Height 

0.030 in. 

(with cover glass) 


0.012 in. 

(without cover glass) 

Cell area 

Total 

0.620 if|2 


Active 

0.562 in2 


Cell weight 

Without cover 

0.67 gm 


With cover 

0.91 gm 


Upper contact 

Nunt)er of gridlines 

24 lines 


Gridline length 

0.74 in. 


Gridline width 

0.0024 in. 


Contact bar length 

0.7S3 in. 


Contact bar width 

0.31 in. 


Gridline total thickness 

^.0 ytn 


Lower contact 

Length 

0.79 in. 


Width 

0.79 in. 


Area 

0.620 ii>2 


Total thickness 

-^.O pm 


Cover glass 

Length 

0.77 in. 


Width 

0.80 in. 


Area 

0.616 in2 


Thickness 

0.012 in. 
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TABLE 2. - GaAs HESP II SOLAR CELL HATERIAL SPECIFICATIONS 


Cell material 

GaAs 

Substrate 

Orientation 

100 

Type 

n* 

O^nt 

Te 

Concentration 

>7xl0’^ cm-3 

Thickness 

0.015 in. 

First epi layer 

Type 

n 

Dopant 

Sn 

Concentration 

1x10^^ cm-3 

Thickness 

10 pm 

Resistivity 

0.014 S-cm 

Diffused layer 

Type 

P 

Dopant 

Be 

Concentration 

1x10^® atr^ 

Thi ckness 

<0.5 pm 

Second epi layer (window layer) 

Composition 

(AIGa) As 

Type 

p* 

Dopant 

Be 

Concentration 

1x10^® cm-3 

Thickness 

<0.5 ytu 

Sheet resistivity 

0.03 Q-<tn 

Junction depth 

<0.5 pm 

Upper surface 

First metallization 

Netal 

AuZn 

Thickness 

2000 A 

Second metallization 

Netal 

Ag 

Thickness 

>3.0 pm 

Antireflection coating 

Natenal 

- ,?20S 

Length 

0.77 inT 

Width 

0.79 in. 

Thickness 

750 A 

Lower surface 

First metallization 

Netal 

AuGeNi 

Thickness 

2000 A 

Second metallization 

Netal 

Ag 

Thickness 

>3.0 pm 

Cover glass 

Adhesive 

Dow Corning 93-500 

Naterial 

Coming 7940-fused silica 

Length 

0.77 in. 

Width 

0.80 in. 

Thickness 

0.012 in. 

AR coating (on top of glass) 

NgF2 
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TABLE 3. - NEED FOR SPACEFLIGHT TESTING 


SPACE ENVIRONMENT 

aMaTMEDasHBns 
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• I BMMBWCTBHL 

• nB.MGHMEVnGRaB ' 

• SkMfUIC 


• ISN. 11 MI 
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• aCOUSTCS 


lABORATORY EWVIROWMEIIIT 

SNSULWEVOnS 

• PMITMS ONE ENBKY | jmiJKiJH) 

• BICntONSONEENnST j 

• NOnNTESnW 

• 9UKDITMU 

• VKUMOVEN 

• ttCBaUTEDTESIMS 


-B* 


l» 
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Figure 1. - LIPS GaAs panel. 


OPJQ^NAL TA'SS vS 

OF POOR QUALITY 



= 10^« 

-3 

cm 

(Be) 

= 10^^ 

-3 

cm 

(Sn) 

= 10^« 

-3 

cm 

(Te) 


D < 0.5 vm 
X < 0.5 ym 

j 

t > 10 ym 

NUMBER OF FINGERS = 24 
p Contact: Au-Zn-Ag 
n Contact: Au-Ge-Ni-Ag 
AR COATING: Ta^ 0^ 

p A1 Ga, As 
X * 0.86 ± 0.04 


Figure 2. - GaAs solar cell baseline design. 



Figure 3. - LIPS data. 
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Figure 4. - Radiation environment. 
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SOLAR CELL DEGRADATION IN PROTON RADIATION ORBITS 

H. S. Rauschenbach and 3 . Y. Yaung 
TRW Space & Technology Group 
Redondo Beach, California 


A 


Discrepancies between predicted and observed solar cell degradation in orbits 
other than LEO and GEO have been ascribed to shortcomings in solar cell test data and 
analytical procedures used to relate cell test data to the orbital environment. 
Tentative relative proton damage coefficients for modern silicon (Si) and gallium 
arsenide type (GaAs) solar cells have been calculated and presented. The potential 
errors in predicting cell degradation in a 5600 nmi orbit that may arise from the use 
of the existing cell data base have been bounded and the need for further testing has 
been delineated. 


INTRODUCTION 


Significant discrepancies have been observed between predicted and actual in- 
orbit silicon solar cell array degradation in orbits other than in low earth orbits 
and in geosynchronous orbit (refs. 1 and 2, for example). 

These discrepancies have been diagnosed to probably arise from a combination of 
a lack of appropriate solar cell test data and from inadequacies in the models that 
relate the unidirectional and mono-energetic proton test data to the omnidirectional 
flux-energy spectra actually found in orbit. 


DISCUSSION 


Recent proton radiation tests on late model silicon solar cells (refs. 3, 4, and 
5) have indicated that the relative damage coefficients for protons used in the 
prediction of solar cell degradation utilizing the damage-equivalent 1-MeV electron 
fluence method, may be outdated. Figures 1 and 2 illustrate the range of the new 
test data (curves “A" and "B") together with the typically used damage coefficient 
curve (curve "C") from reference 6. The test data was obtained on different silicon 
solar cell types in different proton energy ranges as follows: p+ cells for 50 to 
300 keV and 15 to 40 MeV, and non-p+ cells for 2 to 10 MeV. The relative damage 
coefficients shown here are defined as the ratios of the quantity of protons at a 
given energy and fluence to the quantity of 1-MeV electrons that produce the same 
degradation of the cell's initial maximum power output. 

Significant in figures 1 and 2 is the shift in the silicon cell's peak sensi- 
tivity by nearly one order of magnitude toward lower proton energies. Such shift in 
sensitivity is not totally surprising because the old data (JPL curve) was obtained 
on relatively deep-diffused junctions tested in tungsten light, while the newer data 
was obtained on shallow-diffused junctions tested in simulated AMO (air mass zero) 
sunlight. The change in the cell's sensitivity to proton damage with fluence had 
also been predicted previously (ref. 7). 
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The effects of using the three different damage coefficient curves in figures 1 
and 2 on the predicted silicon cell degradation are illustrated in figures 3 and 4 
for non-p+ and p+ cells, respectively. The impact is especially severe in the lower » 
coverglass thickness range that is of greatest practical interest. 

At first sight it appears that for a given coverglass thickness in figures 3 or 
4, there should be only one single curve to represent curves ''A” and "B", matching 
curve "A" at lower values of coverglass thickness and matching curve "B" at higher 
values. However, the presently employed method of relating the orbital omni- 
directional flux/energy spectrum to unidirectional, mono-energetic solar cell test 
data does not provide details that permit a ready correlation to the proton fluence 
as shown in figures 3 or 4. Therefore, the problem has been bounded by the curves 
shown . 

The relative damage coefficient work we had done on GaAs solar cells and 
reported previously (ref. 8) was revisited because we encountered inconsistencies in 
the validation of a solar cell proton radiation degradation model we were also devel- 
oping. Therefore, the original GaAs solar cell test data (refs. 2, 3, and 4) were 
reanalyzed and the relative proton damage coefficients as shown in figure 4 were 
calculated. 

It is interesting to note that the peak sensitivities of the Si and GaAs cells 
(figs. 1, 2, and 5) are of about the same magnitude and occur in about the same pro- 
ton energy range. Similarly to the Si cells, the relative degradation rate of GaAs 
cells is also strongly related to coverglass thickness as shown in figures 6 and 7. 

CONCLUSIONS AND RECOMMENDATIONS 

The data presented in the foregoing should be considered tentative, even though 
it is based on the best data available to us at this time. It is important to real- 
ize that these data come from different experiments that have not necessarily been 
correlated. The data is presented here for the purpose of not only identifying the 
shortcomings in the existing data base, but also to illustrate the likely peak proton 
radiation sensitivities of Si and GaAs cells and to identify the need for comparative 
Si and GaAs proton radiation testing, especially in the proton energy range between 

10 13 2 

about 100 and 500 keV and in the fluence range between about 10 and 10 p/cm . 

This need exists also for comparative 1-MeV electron radiation testing of solar cells 
from the same batches on which the proton radiation testing was performed, because 
any inaccuracies in either the proton or the electron radiation test results reflect 
equally into an inaccuracy of the value of the relative damage coefficients. 

Only after such comparative testing has been performed will it be meaningful to 
conduct trade studies such as represented by figures 6 and 7. 
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Figure 3. - Predicted power output of Si non-p*- solar cells using three different ROC curves. 



Figure 4. - Predicted power output of Si p+ solar cells using three different ROC curves. 


53 





original PACaS is 

OF POOR QUAUrV 



PROTON ENERGY (MeV) 

Figure 5. - Proton relative damage coefficient (ROC) of (AlGa) As-<»aAs cel) having junction depth 
of 0.5 tan. 
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Figure 6. - Predicted power output of Si and GaAs solar cells using high-valued ROC's for Si cells 
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Figure 7. - Predicted power output of Si and GaAs solar cells using low-valued RDC's for Si cells. 
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MODEL OF SOLAR CELL PROTON DAMAGE 


J. Y. Yaung 

TRW Defense Systems Group 
Redondo Beach, California 


Experiments (refs. 1, 2 and 3) have demonstrated that both GaAs cells and 
shallow-diffusion Si cells are more susceptible to low energy (<1 MeV) proton damage 
than older type Si cells. Mathematical models to predict the low energy proton 
damage for both types of solar cells have not been found in the literature. 

R. A. Arnlt, et al., (ref. 4) used a three-layer approximation to model the 
nonpenetrating proton damage to a Si cell. Arnlt' s model is limited to predicting Si 
cell proton damage at energies above 0.5 MeV. John Wilson et al., (ref. 5) developed 
a short circuit current (I ) degradation model for GaAs cells irradiated by protons 
from low energy to 100 MeV. Wilson's model was found to be satisfactory in predic- 
ting the degradation of GaAs cells only, but not that of Si cells. 

This paper describes a modification of Wilson's model that has been developed by 
preserving the optical wavelength dependency in the photogeneration of minority 
carrier pairs. By so doing, a generic model of solar cell proton damage was devel- 
oped that predicts the experimental I degradations for both GaAs solar cells and Si 
solar cells closely and predicts the Ixperimental spectral responses of proton- 
irradiated cells reasonably well. The expansion of this model for and is 
currently in progress. 


INTRODUCTION 


Experiments (refs. 1, 2, and 3) covering the proton energy range of 50 keV to 40 
MeV have been performed on both modern silicon (Si) and gallium arsenide (GaAs) type 
solar cells. Tentative proton relative damage coefficients derived from this data 
base have shown a significant shift in the silicon cell's peak sensitivity toward 
lower proton energies (ref. 6). Such a shift in the peak sensitivity requires under- 
standing of the solar cell proton damage. Mathematical models to predict the low 
energy proton damage for both types of solar cells have not been found in the liter- 
ature. Thus, a modeling effort was initiated by the author. 


MODELING 


In the space environment, protons create displacement damage in solar cells. 
These displacements are normally considered as recombination centers for the 
electron-hole pairs formed by photon absorption. The increased recombination in the 
solar cell will degrade its electrical performance. The displacement distribution 
will be spatially nonuniform when the incident proton energy is insufficient to 
penetrate through the active region of the cell. Diffusion lengths of solar cells 
with a spatially nonuniform minority carrier lifetime in the active region cannot be 
accurately measured by conventional experimental methods. Thus, the conventional 
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radiation damage approach utilizing the diffusion length (ref. 7) has not been 
* successful in predicting the low energy proton degradation of solar cells. 

R. A. Arnlt, et al., (ref. 4) used a three-layer approximation to model the 
nonpenetrating proton damage to a Si cell. Arnlt's model is limited to predicting Si 
cell proton damage above 0.5 MeV. Recently John Wilson, et al., (ref. 5) developed a 
"short circuit current (I ) degradation model for GaAs cells irradiated by protons 
from low energy to high ifiergy. Wilson's model treats the effect of proton-generated 
displacements as an additional recombination probability, added to that of the minor- 
ity carrier pairs before reaching the junction. The final form of degradation 
was shown to be 


= 1 - 



/ n^(x) F (x) P(x) dx // n (x) p(x) dx 

•'o '0 ^ 


( 1 ) 


where 

n (x) = current collection probability 
c 

p(x) = K o e'®’^ 

F(x) = I-E2 [y^a^*|D(E^)-D(E^j)|] 

K * integrated solar photon flux in the absorption band 

o = photoabsorption coefficient averaged over the solar spectrum 

E 2 (z) = exponential integral of order 2 

o = electron-hole recombination cross section 
r 

^ = proton fluence 
and 

D(E) = a function of displacement number (ref. 5) calculated by transport 
theories. 


In the preliminary analysis for silicon solar cells, the average photoabsorption 
coefficient (a) was found to simulate the solar cell I degradation not very well 
» (figure 1). To improve the simulation accuracy, the pnotoabsorpti on coefficient was 
expressed as function of wavelength, a(x). For the same reason the integrated solar 
photon flux was also expressed as function of wavelength K(x). Thus, the expression 
for the photoabsorption rate density at depth x becomes 

0k 

p(x,x) = K(x) a(x)e"“^^^’' (2) 
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where K(x) is the differential photon flux incident upon the solar cell. The 
undamaged short circuit current can be solved analytically if a Green's function • 

solution is employed, 

= / / G(x.|x-x'|)p{x,x')dx dx' (3) 

^'^o -^x^ •'o 


where p(x,x') is the photo-generated electron-hole pair distribution, and the Green's 
function represents a solution of the differential continuity equation at a fixed 
wavelength (x'). Since the solutions of the continuity equation are normally deter- 
mined at a fixed wavelength, 6(x,lx-x'l) can be simplified to n (x) fi(x-x'), where 
n (x) is the collection efficiency. The collection efficiency ts known in terms of 
diffusion constants, lifetimes, and surface recombination rates of the minority 
carriers, electric fields, and cell dimension (ref. 8). Thus, the expression in 
Equation (3) can be integrated over x' and reduced to 


I 


sc 


0 



n.(x) p(x,x)dx 


(4) 


Similarly the short circuit current of a proton-irradiated cell can be derived based 
on the assumptions in the Wilson model. 


I 


sc 



n^(x)[l - F(x)] p(x,x)dx 


(5) 


Equations (4) and (5) represent a method for spectral response calculation for 
unirradiated and proton-irradiated solar cells. 

The normalized output current of an irradiated cell can thus be calculated as 
follows: 


I 


sc 



dx 






( 6 ) 


where I (x) and I (x) are expressed in Equations (4) and (5). 
sc„ sc 

0 
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DISCUSSION OF RESULTS 


Figure 1 illustrates the preliminary analysis for silicon solar cell I 
degradation based on the unmodified Wilson's model, i.e., Equation (1). Thl^apparent 
aismatch of the peak response toward a lower proton energy initiated the modeling 
‘affort mentioned above. Shown in figures 2 and 3 are the successful modeling results 
the I degradations on silicon and GaAs solar cells, respectively, utilizing 
spectral modifications. 


Since the expression in Equations (4) and (5) can be used to calculate the 
spectral responses of a solar cell when divided by K(x), spectral response simula- 
tions were performed for both types of cells before and after proton irradiation at 
the energy of 290 keV. Figures 4 and 5 show the comparisons of experimental and 
simulated spectral response for GaAs and Si solar cells, respectively. 

The overall predictive capability of this model appears satisfactory. However, 
a sharp dip in the 0.8 0.9 wm range in figure 5 can be attributed to the irregular 

spikes occurring in the corresponding range of wavelengths in the experimental solar 
simulator (refer to figure 6), 
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Figure 3. - Final results of predicting damage on GaAs solar cell. 



Figure 4. - Experimental and simulated spectral responses for (AIGa)As-GaAs solar cell before and 
after proton irradiation (proton energy s 290 keV) . 
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Figure 5. - Experimental and TRW-simulated spectral responses for silicon solar cell before and 
after proton irradiation (proton energy = 290 keV). 
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PIECEWISE SIMULATION PROTON TEST OF GALLIUM ARSENIDE 
AND THIN SILICON SOLAR CELLS 


D. G. Peterson and S. A. Billets 
Lockheed Missiles & Space Company, Inc. 
Sunnyvale, California 


There is general interest within the industry in the emerging Gallium Arsenide solar 
cell technology for use as primary power on certain future earth orbiting 
satellites. The assessment of the relative merits of Gallium Arsenide over silicon 
in a space radiation environment is hampered by the fact that a general degradation 
model for Gallium Arsenide does not exist* The primary purpose of this test was to 
provide direct comparison of the degradation of Gallium Arsenide cells to a control 
silicon solar cell in a specific orbit environment of interest to Lockheed. In 
addition, the test methodology provided an ideal vehicle to evaluate the front and 
back degradation characteristics of thin (2 mil) silicon solar cells. 

The test consisted of a step proton irradiation, simulating the proton radiation 
environment existing in a 1110 km (600 n.m.) polar orbit. Two different types of 
Gallium Ar*senide solar cells and two different types of thin silicon cells were 
irradiated, using current technology 200 pm (.008 in.) thick silicon cells as 
controls. The test specimens were sequentially exposed to seven fluence/energy 
intervals between 1.5 to 58 MeV, simulating the given energy spectra for 5 years, 
calculated to exist under a 150 pm (.006 in.) thick coverslide. Front and back, 
and low and high energy effects were separately evaluated. The results of the test 
are presented. 

INTRODUCTION 

This report covers the work performed on a proton irradiation test of two types of 
Gallium Arsenide and thin 50 pm (.002 in.) silicon solar cells during the period 
between Feb 82 to Oct 82* 

Because of their high conversion efficiency and superior temperature performance. 
Gallium Arsenide solar cells offer a large potential payoff for space power 
applications. Although their electrical performance has been well characterized 
(ref. 1), radiation degradation characteristics are still not well understood, (ref. 

2 .). 


Lockheed has a strong interest in and comnitment to Gallium Arsenide solar cell 
technology, currently being engaged in a major cell development program with Applied 
Solar Energy Corp., that is expected to result in a procurement of 50,000 cells for 
end item production in 1986 . The lack of a radiation model is one of e maj 
concerns confronting us in attempting to assess the place of Gallium Arsenide cells 
• in future programs. A parallel technology of interest to Lockheed is the 

development of thin silicon cells in conjunction with lightwei^t flexible arrays to 
increase the (watts per pound) of the solar array (ref. 3)» Little work has been 
done to characterize the degradation characteristics through the back of the thin 
cell. 
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This test was undertaken to gain some empirical insij^t into the degradation 
characteristics of Gallium Arsenide and thin silicon solar cells with limited cells 
and in reasonable time. 


OBJECTIVES 

The general objective of this test was to investigate the degradation 
characteristics of these cell types by proton irradiation, to a typical orbit 
environment (1110 km (600 n. m.) circular polar) by simulating piecewise the 
radiation particle spectrum for that orbit. The specific objectives of the test for 
all cell types was as follows: 

a. Comparison of front proton degradation response (infinite backshield) to 
silicon control cell. 

b. Comparison of back and front proton degradation response (flexible blanket) 
to silicon control cell. 

c. Separate effects of low and high energies. 

d. Separate effects of front and back irradiations. 

e. Show feasibility of performing a piecewise (integral) simulation test for a 
typical orbit. 

TEST METHODOLOGY 

The normal proton test fluences must be derived from the omnidirectional fluences 
existing at the given altitude. The proton particle spectrum existing at the 1110 
km (600 n.m.) circular polar orbit was generated from the NASA APT environment 
tables. This spectrum was integrated for 5 years and added to an estimated solar 
flare spectrum. A correction was then made to correct the omnidirectional fluence 
to the planer cell. The spectrum was then corrected for attenuation through a 150 
pm (.006 in.) coverslide, including a factor to account for conversion of 
omnidirectional paths through the coverslide to an equivalent normal radiation. 

Bare cells were used in the test so that low energy effects at the cell might be 
investigated. Testing with a discrete energy spectra would make it nearly 
impossible to generate a low energy component under a coverslide. 

This composite energy scale is shown in Figure 1. The energy scale is broken up 
into seven intervals for the purpose of calculating test values. The energy 
intervals are closer together at the low energy end because sensitivities are known 
to be greater and fluence levels higher at the low end. Since the spectrum is 
integral, the number of particles/cm^ within each interval is simply the 
difference between fluence values at each end of the interval. The back energy 
spectrum was similarly evaluated, but without computations for the coverslide. Each 
Interval was evaluated for total particles about the center energy and tabulated in 
Tables 1 and 2 . 


TEST SAMPLE 

Some of the characteristics for each of the five types of solar cells in the 
experiment are shown in Table 3 . The Hu^es cells were LPE Gallium Arsenide solar 
cells with a 50 pm junction, provided to us by Wright-Patterson. The UTL Gallium 
Arsenide cells were terrestrial concentrator types. The 50 pm (.002 in.) thick 
silicon cells were of two types: 1) full back contact from Applied Solar Energy 

Corp., and 2) gridded back contact from Solorex. The Spectrolab silicon cell was an 
200 ^Am (.008 in.) thick cell without a P+ back layer. This cell was used as a 
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control because its characteristics are well known and have been extensively 
• evaluated. 

The cell holder was configured to allow irradiation either from the front or through 
a 50 fxm Kapton sheet from the back. This scheme permits evaluation of degradation 
^ to a flexible solar cell blanket configuration. The Hughes cells came with a woven 
silver mesh interconnect attached to both front and back contacts. On all of the 
other cells, solder tabs were attached with conductive epoxy. The cells were then 
bonded to the holder as shown in Figures 2 and 3> A set of each of the five cell 
types were bonded to each of four windows in the holder. Three holders were built 
in all; one for front only irradiation, one for both front and back irradiation, and 
one to be used as a control. 

The completed cell holder assembly is shown in Figure 4. The cell holder was 
mounted to a thermal control unit consisting of thermo'-electrlc cells sandwiched 
between two aluminum plates and mounted to a heat sink. Thermocouples were bonded 
to the Interconnects near the cell contacts and terminated into individual 
connectors. The cells were hardwired to a connector on the holder assembly. The 
entire assembly was configured for rapid exchange between the proton beam room and 
the electrical test area at the U.C. Davis facility with no handling of the fragile 
cells. 


TEST SET-UP 

The test was performed at the Cyclotron facility at the University of California in 
Davis, California. The Spectrolab X-25 Illuminator and associated test equipment 
were transported to Davis and set up in a room adjacent to the proton beam room so 
that electrical measurements could be made between irradiations. The cell 
temperature was controlled to 60®C for all electrical measurements, simulating a 
typical on-orbit operating temperature. A mechanical stepper permitted rapid 
measurement of each cell on a wheel. 


The irradiation set-up is shown in Figure 5. A narrow proton beam was dispersed 
with a gold foil to provide a relatively uniform beam in air over the sample area. 
The beam energy spread, and fluence accuracy and uniformity are given In Table 4. 

The energy spread is fairly tight, from 5.5 to 58 MeV. The energy spreads more at 
the lower energies (1.5, 3 MeV) as shown in Figure 6. Although it is impossible to 
ascertain the exact energy content of these low energies, the spread probably more 
nearly simulates a continuous spectrum. The test sequence was conducted to minimize 
total time at the facility. The test sequence was as follows: 

a. Front irradiation of panel 1 and back irradiation of panel 2 at 5.5 to 58 
MeV. 

b. Electrical test 

c. Front irradiation of panel 1 and back Irradiation of panel 2 at 1.5 snd 3*0 
MeV. 

d . Electrical test 

e. Front irradiation of panel 2 at 1.5 to 58 MeV. 

f. Electrical test. 

The energy range of 1.5 to 58 MeV are the limits of the U.C. Davis facility. This 
range adequately covers the range of interest for this particular orbit environment. 
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RESULTS 


The degradation to maximum power is the principal figure of merit in evaluation of 
the cell for operation in a space environment. Normalized degradation for each of 
the five cell types and for each phase of the test are shown in Figures 7 and 8. 

The "front only" curve is a representation of degradation of cells mounted to a 
rigid panel with "infinite backshielding". The front and back curve represents 
degradation of cells mounted to a flexible blanket array. 

For each curve, the first column shows the variation in measurement accuracy between 
data taken at Lockheed and repeated at Davis several days later. The last column 
shows the difference between final data taken at Davis and data taken 30 days later 
at Lockheed. 

From an observation of the data, the following conclusions are presented: 

a. The Hughes Gallium Arsenide cell degraded 5 % less than the silicon control 
cell for the "rigid panel" case and lOj less for the "flexible panel" case. 

b. The UTL Gallium Arsenide cell degraded 6U more than the silicon control 
cell for the "rigid panel" case and 2 $ less for the "flexible panel" case. 

c. All of the Silicon cells, including the control cells were within 2 % of 
each other for the "rigid panel" case. 

d. Both of the thin silicon cell types suffered severe degradation for back 
irradiation, mostly from low energies. 

e. Silicon control cell degradation was within 1% of prediction for both low 
and high energies, based on JPL Radiation Handbook (ref. 4). 

f. For front irradiations, Silicon cells show annealing after 30 days (~5%), 
but Gallium Arsenide cells do not. 

g. For front and back Irradiations, all cells show annealing. 

In Figures 9 through 13 the electrical characteristics (IV curves) for typical cells 
in the test are given. Curves are shown for both pre irradiation and post final 
irradiation for each cell type. 


DISCUSSION OF METHOD AND RESULTS 


This test demonstrates that a piecewise simulated proton test is feasable for 
rapidly demonstrating gross trends in proton degradation of new devices, given 
limited samples and time available. 


The author recognizes the limitations in both the test methods and results 
obtained. The teat did not address the effects of omnidirectionality; cells were 

irradiated at normal incidence only. The effects of cover 

have been included in calculation of the normal fluence. As pointed out by 

Meulenberg (ref. 2), and others, the damage through the cell for protons is 
dependent on the path angle and that the damage mechanisms for Gallium Arsenide 
cells are different than for silicon cells. Since, in this test, a side by side 
comparison was made with silicon, some cancelling of the effect can be expected. 

Once the effect is well understood, it should be possible to integrate it into a 
general model. Until that is done, the best that can be accomplished is to rotate 
the sample in the proton beam to simulate omnidirectionality. This was, however, 
beyond the scope of this test, although it is planned for future tests. 
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No test of this type can address flux rate dependence of degradation, since years of 
* slow irradiation in space are compressed into minutes of test irradiation. The 

assumption must be made that a strong relationship does not exist. Only long term 
flight data or possibly isotope irradiation will provide an answer. 

The results of this test apply only to the conditions stated, i.e., 1110 km polar 
orbit, 5-year fluence and 150 fxm (.006 in.) thick coverslide. Although this is a 
limited case, it is typical for a large number of military missions of interest to 
Lockheed. These results do not contribute to generation of a general degradation 
model, since degradation at individual energy points are not available. A general 
model requires a large number of cells tested at discrete energy and fluence points. 

This test included a limited number of energies. The closer that the number of test 
irradiations approach a continuous spectrum, the more significant would be the 
results. There will, however, always be a practical limit on the number of 
irradiations possible. In this case, seven was considered minimal to achieve the 
desired results. No irradiations were made at 0.2 MeV, although this appears to be 
a very degrading energy to Gallium Arsenide (ref. 5). We felt justified in this 
because our analysis of the residual energy spectra for a 1110 km orbit indicated 
that the fluence was highly attenuated under the coverslide at this energy. Future 
tests will Include more low energy content. 

The severe degradation to the thin cells from back irradiation cannot be explained 
from the simple model of degradation. This was an unexpected result. It may be 
that the selection of only two low energy points may have biased the test results 
towards the peak degradation response of the cells from the back. These results 
should not rule out thin cells for flexible panel consideration, but do point out 
the need for further analysis and testing. 

CONCLUSIONS 

This test has demonstrated the validity of performing a piecewise irradiating test 
on solar cells. The test has given added confidence that Gallium Arsenide cells are 
viable in low earth orbits. All of the specific objectives of the test have been 
met. The unexpected degradation of thin silicon cells irradiated from the back 
point to the need for further test analysis of these cells. 
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TABLE 1. - FRONT ANO BACK IRRADIATION DATA 

1 — 2 . 


ENERGY 

(MeV) 


TIME 

(MIN.) 


FLUENCE (p/cm‘) 
PLANNED 1 ACTUAL 


OF POC^ QUAUTY 



58. 0 

11.0 

5.3E10 

5.3E10 





42.0 

11.0 

2.3E10 

2.3E10 

21.0 

13.7 

2.4E10 

2.4E10 

10.8 

23. 3 

4.6E10 

2.7E10* 

5.5 

15.7 

2.6E10 

4.9E10* 


TABLE 2. - FRONT IRRADIATION DATA 



6.0E9 


8.4E9 


6.6E9 


1.6E10 


1.8E10 

2.3E10 

5.3E10 


6.0E9 


8.4E9 


6.6E9 


1.6E10 


K8E10 

2.3E10 

5.3E10 



FLUENCE 

(p/cm^) 

PLANNED 

ACTUAL 


8.40E9 


6.00E9 


‘ERROR IN SETUP 


TABLE 3. - TEST SAMPLE OATA 



POLARITY JUNCT. BULK 

CONFIG. DEPTH RESIST. 



N/P 

.15-.20 fim 

N/P 

.10-. 15 /iffi 


BACK CONTACTS 

CONFIG. CUNTAL-lb COATING 


Frt) Ag/Au/Zn 
Bk] Au/Ge/Ni 


Frt) Ag/Au/Zn 
(5^m) 

BK) Au/SN 

(2000 A) 




Ag/Ti/Pd TajOg 
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TABLE A. - TEST ACCURACY 


ENERGY 

FLUENCE 

ENERGY 

MeV 

UNCERTAINTY 

SPREAD 

1.5 

1 + 
O 

+30% -60% 

3.0 

1 51 

+25% -40% 

5.5 

+ 8% 

+ 10% 

10.8 

+ 1 

+3% 

21.0 

+ 6% 

+3% 

42.0 

+ 61 

+3.5% 

58.0 

+ 101 

+ 2% 


FLUENCE UNIFORMITY OVERSAMPLE + 3 to + 10% 
PRIMARY BEAM ENERGY ACCURACY + 30 KeV 



Figure 1, - Test fluence conputation. 








Fl^re 2. - Cell holder (front). 


Figure 3. - Cell holder (back). 


Figure 4. - Wired asseidbly. 
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Figure 5. - Irradiation test setup. 



Figure 6. - Energy spread of low 
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Figure 7. - Degradation to P,^ (front only irradiation). 
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Figure 8. - Degradation to Pntay (front and back irradiation). 
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Figure 9. - Hughes gallium arsenide cell electrical 
characteristics. 
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Figure 10. - UTl gallium arsenide solar cell 
electrical characteristics. 
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Figure 11. - Spectrolab silicon cell elec- 
trical characteristics. 




Figure 12. - Solorex cell electrical character- 
istics. 


Figure 13. - ASEC cell electrical characteristics. 
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RADIATION TOLERANCE OF LOW RESISTIVITY, HIGH VOLTAGE 
SILICON SOLAR CELLS 

V. G. Welzer, I. Weinberg, and C. K. Swartz 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

According to theoretical estimates, a 0.1 ohm-ctn silicon solar cell should be 
able to produce an AMO open circuit voltage (Vqc) of about 700 mv (Ref. 1). 
Original attempts of a decade ago were only able to generate voltages in the 
neighborhood of 600 mv. Since then, a concerted effort by a number of 
laboratories has resulted in a series of incremental voltage improvements, the 
latest of which has yielded voltages in the mid-680 mV range (Ref. 2). While 
these cells have been successful, to varying degrees, in pushing 
beginning-of-1 ife voltages to higher and higher levels, it was not at all 
certain that they could maintain their advantage in a radiation environment. 

To answer this question, an investigation was undertaken several years ago to 
determine the radiation sensitivity of the then-existing high voltage cells 
(Ref. 3). Included in this study were the Spire Corporation's ion-implanted 
emitter cell (Ref. 4)., the University of Florida's hi-low emitter cell 
(Ref. b), and the NASA multi-step diffused (MSD) cell (Ref. 6). Since that 
time, there have been several advances in the output of the low resistivity 
device, i.e., the Comsat MSD cell (Ref. 7)., the MinMIS Cell (Ref. 8), and the 
MINP cell (Ref. 2). The purpose of this paper is to report the results of a 
study of the radiation tolerance of these latter three cell types. 


EXPERIMENTAL PROCEDURE 


The following is a brief description of the low resistivity (0.1 ohm-cm) 
silicon cells included in this investigation. Cell configurations for all 
three cells are shown in Figure 1. For a more detailed discussion the reader 
is referred to tiie cited references. 

The COMSAT MSP Cell : This cell was fabricated using the MSD schedule 

developed at NASA Lewis and exploited further by the COMSAT Corporation. The 
MSD schedule consists of a deep initial diffusion followed by a chemical 
removal of the emitter surface. The emitter etching step is in turn followed 
by a shallow second diffusion. Tne COMSAT MSD cell, being more heavily etched 
than the previously studied NASA MSD cells, have considerably shallower 
junctions whicn result in significant efficiency gains, 14. b percent being the 
highest efficiency achieved. 

The MinMIS Dell - Developed by the University of New South Wales (UNSW) 

(Ref. 8). These cells were prepared by growing a thin (<20A) oxide layer on 
the base p-type silicon substrate which was followed uy the deposition of low 
work function metallization, either a thin uniform metal layer or a fine, 
closely spaced grid structure. The MinMIS cell studied here was fabricated by 
the COMSAT Corporation with a uniform metallization deposited over the oxide 
consisting of a lOOA Erbium layer followed by a bOA Chromium layer. It should 
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be noted that limited transmission through this metal layer is responsible for 
the rather low short circuit current (Igc) in this cell (Table I). 

The MINP Cell: This cell, also developed by the UNSW, is a result of 

incorporating MinMIS technology into the diffused cell. After a snallow 
phosphorus diffusion, the MINP structure is completed by depositing the MinMIS 
oxide and low work function metal grid on the emitter surface. 

The pre-irradiation characteristics for all three cell^types are shown in 
Table I. The AMO I-V characteristics were taken at 25"C on a xenon-arc 
simulator. Diffusion length data were obtained by an X-Ray excitation 
technique using 250 keV X-Rays. Irradiations were performed in a Dynamitron 
linear accellerator with I MeV electrons and fluences up to IxlO^^ 
electrons/ cm2. 


RESULTS AND DISCUSSION 


The diffusion length damage coefficients, K(_ were calculated from the 
relation 


1 



-L - Kl* 

w 


where Lq and L are the diffusion lengths before and after irradiation 
respectively, and ^ is the 1 MeV electron fluence in electrons/cm^. The 
results are given in Table II for the three cells tested. As can be seen in 
the Table, considering the experimental uncertainties, the present Kl values 
are close to those previously found for 0.1 ohm-cm silicon cells (Ref. 9). 


Plots of normalized Isc as a function of fluences are shown in Figure 2, 
where behavior of a 10 ohm-cm n/p cell is shown for comparison. As can be 
seen, the MINP cell degraded somewhat more than did the MSD cell. The 
degradation characteristics of both tnese cells are similar to those found 
previously for the Spire ion-implanted cell and the NASA MSD cell (Ref. 3). 
However, the MinMIS cell, which degrades at lower fluences at about the same 
rate as do the other two cells, exhibits a severe drop in current at fluences 
greater than 0~iol^ e/cm2. At IxlO^S e/ cm2 the cell is almost 
photovoltaically nonresponsive. 

Figure 3 shows the effect of fluence on the normalized Vqc. Again, the 
behavior of the MSD and the MINP cells is close to that found for other 0.1 
ohm-cm cells (Ref. 3). The MinMIS cell, on the other hand, snows a very 
drastic drop-off in voltage. 

The red (0.9 micron) and blue (0.5 micron) normalized spectral responses are 
shown in Figures 4 and 5 respectively. As can be seen from the Figure, the 
most drastic difference between cell behavior occurs at the short wavelength 
end, where the MinMIS cell's spectral response drops off drastically compared 
to the other two cell types. To further consider this behavior, recall that 
of the three cell types, the MinMIS cell is the only one with an induced 
inversion layer, the remaining two cell types having built in emitters. In 
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this respect, it has been established that ionizing radiation affects the 
charge state of Sio 2 in MOS devices (Refs. 10 and 11). In the present case 
it is hypothesized that cnarge in the oxide plays a role in forming the n type 
inversion layer and that the change in the oxide charge state due to radiation 
diminishes the role of the oxide in creating the inversion layer. The net 
result is decreased effectiveness of the induced emitter and consequent 
degradation of cell performance. This behavior is similar to that observed in 
the Florida High-Low Emitter Cell, a cell which depends on oxide charge to 
create a junction in the silicon. At any rate, whatever the mechanism of cell 
degradation, the present data indicates that MinMIS cells are unsuitable for 
use in the space radiation environment. 


CONCLUSIONS 


It is concluded from the present work that: 

1. The MinMIS cell degrades more rapidly than either the MSD or MINP cells 
under 1 MeV electron irradiation. 

2. The blue response of the cell under irradiation indicates tnat emitter 
degradation is the principal cause of decreased cell performance in the 
MinMIS cell. 

3. Changes in the MinMIS oxide charge state due to ionizing radiation 
contribute to the degradation in cell performance. 

4. Cells of the MinMIS type are unsuitable for use in the space radiation 
environment. 
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TABLE I. - PREIRRAOIATION CELL PARAHETERS 


CELL TYPE 

OPEN 

CIRCUIT 

VOLTAGE 

(mV) 

SHORT 

CKT. 

CURRENT 

(ma) 

MAX. 

PWR. 

(mw) 

FILL 

FACTOR 

(Z) 

DIFFUSION 

LENGTH 

()Um) 

nsD 

646 

141 

72.5 

80 

218 

MinMIS 

633 

75 

25.4 1 

55 

326 

MI HP 

678 

175 

63.9 

67 

219 
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0R1G15^AL 

OF POOR QUALriV 

TABLE II. - DIFFUSION LENGTH DAMAGE COEFFICIENTS 

PR ESENT DATA 

CELL 

X lO'lO 

X 10-10 
X 10-10 

lO'lO J.R. SROUR ET. AL. 

NASA CR-13A768, 1975 


MINP (2.2 + 0.7) 
MSD (2.2 + 0.1) 
MinHIS (2.5 + 0.9) 


0.1 OHM-CM CELLS 


4 X 




MiN!115_££LL HINP CFII 


BASE RESISTIVITY ALL CELLS: 0.1 OHH-CM. 

Figure 1. - High voltage cell configurations. Base resistivity of all cells, 0.1 ohn»-cm. 
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ORIGINAL PASS t2( 
OF POOR QUALITY 


NORMALIZED 
SHORT CIRCUIT 
CURRENT 



1 MeV ELECTROtl FLUEflCE (cm-2) 

Figure 2. - Nonialized short circuit current versus electron fluence. 



1 MeV ELECTRON FLUENCE (cm*2) 

Figure 3. - Normalized open circuit voltage versus electron fluence. 
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ON-ORBIT PERFORMANCE OF LIPS GALLIUM ARSENIDE 
SOLAR CELL EXPERIMENT 

T. Bavaro, R. Francis, and M. Pennell 
The Aerospace Corporation 
El Segundo, California 


Telemetry from the Living Plume Shield's (LIPS) gallium arsenside solar 
panel experiment was evaluated to determine degradation. The data were culled 
to preclude spurious results from possible shadowing or Inaccurate 
measurements on a cold array. Two Independent methods were then used to 
obtain the maximum power points and the various characteristics of the solar 
array. Fill factor, open circuit voltage, short circuit current, and series 
and shunt resistances were examined. The data analysis concluded that, to 
date, nearly all of the solar array degradation Is due to the reduction In the 
short circuit current. 


INTRODUCTION 

The first Increment of spaceflight data (32 to 123 days after launch) 
from the LIPS GaAs solar panel experiment has been reduced, analyzed, and 
evaluated. Algorithms were developed and computerized to calculate the dally 
maximum power by two Independent techniques (ref. 1): (1) a least mean square 

polynomial fit to the power curve obtained with the Intensity and temperature 
corrected currents and voltages (LMS method), and (2) an empirical expression 
for fill factor (ref. 2) based on open circuit voltage Vqc and the 
calculated series resistance Rj (FF method). 


Telemetry Selection and Adjustment 

The computer program discriminates against telemetry sets whose corrected 
values of maximum power are subject to large error due to excessive solar cell 
shadowing or extreme temperature shifts. Acceptable data have these defined 
limits: 

Temperature 0 < T < 70* C 

Incident angle 0 < e < 30* C 

Power deviation <15 percent 

(related to preceding 10 data points) 

In each method raw telemetry data were normalized to 28*' C and a solar 
Insolation of AMO normal to the panel surface. Changes In cell resistance as 
a function of temperature can be compensated for by an additional term In the 
voltage correction equation known as the curve factor temperature coefficient 
K (ref. 3). This value Is not available for GaAs but would probably be less 
than a 1 percent correction based on silicon solar cells and the temperature 
limits on acceptable data. Therefore, K was set equal to zero for this 
analysis. The temperature coefficients, a and 6, used for current and 
voltage correction are 3.01xl0~5 a/® C • cell and -2.04xl0~3 v/® C • cell, 
respectively. Sensitivity analysis Indicates that for a 35 percent 
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error In either a or B the maximum error In the current and voltage 
correction for the stated temperature limits Is only 5xl0~3 a and 0.75 V out 
of 1.2 A and 20 V, respectively, for the beginning-of-llfe panel output. This 
Is well within the experimental error and Is Insignificant In the calculation 
of maximum power. 


Techniques of Determining Maximum Power Points 

Once the telemetry voltages and currents are normalized, two algorithms 
are used to obtain maximum power output for each revolution and statistically 
averaged on a dally basis. The LMS method Incorporates a fifth order 
polynomial to approximate the power curve, which Is then maximized as a 
function of voltage. The order of the polynomial Is excessive but was used to 
maintain a small selected deviation. 

The FF method Is based on parametric equations developed from solar cell 
empirical characteristics (ref. 2). The pertinent Input parameters for this 
method are open circuit voltage, short circuit current, and series and shunt 
resistances. The general equation Is 



Vqc circuit voltage normalized to thermal voltage 

r 3 H shunt resistance normalized to cell characteristic resistance 

r 5 series resistance normalized to cell characteristic resistance 

For LIPS, calculated panel shunt resistances range between 600 and 1200 
ohms and preclude any effect on fill factor. The fill factor Is more affected 
by series resistance, however, whose panel values are between 2 and 3 ohms. 

The equation which applies Is 



observations 

Maximum Power of GaAs Array 

The dally maximum power versus day Is plotted In Figure 1 for the LMS 
method and In Figure 2 for the FF method. Data were unavailable for some days 
either because the Input parameters were beyond acceptable limits or telemetry 
was unavailable. The effect Is most apparent on graphed data between day 80 
and day 117; a straight, dashed line connects these two days. A least-mean- 
squared smoothing curve was drawn through the calculated maximum power data In 
these figures to demonstrate the performance trend. The curves In Figures 1 
and 2 were replotted In Figures 3 and 4 for comparison. The maximum power 
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points calculated by the two methods follow a similar trend. The smoothing 
curves compared In Figure 4 Illustrate the correlation In power degradation 
more clearly. It should be noted that the dip In output power Indicated by 
the FF method Is questionable. This anomaly will be discussed later. The 
1.2-W power decrease 1s equivalent to a 5 percent degradation from day 32, and 
the single LMS trend Is shown In Figure 5. 


Short Circuit Current (Isc) 

There was a nearly monotonic decrease In I$c from 1.21 to 1.16 A 
(table 1). This translates to a 4.1 percent loss In short circuit current. 

The decrease In current Is a real trend, since a 1.5 percent error can only be 
associated with other effects (I.e., Intensity and temperature corrections, 
ref. 3). 


Open Circuit Voltage (Vqc) 

No trend In Vqq degradation was observed (table 1). The average 
deviation In Vqc was within the empirical precision of 1.0 percent for 
Intensity and temperature correction (ref. 3). 


Fill Factor (FF) 


The FF remains essentially constant at 0.77 (table 1). Excellent 
correlation In fill factor was obtained between the LMS and FF methods. Fill 
factor was obtained explicitly from the FF method; whereas. It was obtained 
Implicitly from the maximum power point (MPP) In the LMS method, that Is, 


FF 


MPP 

'-►’s = Isc • ''oc 


( 1 ) 


The fill factor empirical expression has a 2 percent accuracy, which Is 
equivalent to a one digit change In Its second significant place. 


Array Series Resistance (Rs) 

The Rs, calculated from the current/voltage curve near Vqc, had an 
average value of 2.5 ohms with an experimental accuracy of ±0.5 ohm 
(table 1). To data, no change In series resistance versus time was apparent 
within the accuracy of available telemetry. We concluded that Rs was 
relatively constant, not Increasing, from day 32 to day 123 after launch. 


Shunt Resistance (R$h) 

An attempt was made to calculate Rsh from the current/voltage curve 
near Isc- shunt resistance Is susceptible to more calculation error 
than Rs by nature of the Input parameter values, that Is, 
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P ^ large 
”SH “ Al -» very small 


near I 


( 2 ) 


SC 

and the overall telemetry accuracy. Values of R$h ranged from 600 to 1100 
ohms and Indicated no performance degradation due to shunt resistance changes. 


Error and Sensitivity of the Maximum Power Point (MMP) Calculations 

As discussed, the MMP degraded 5 percent from day 32 to day 123 (figs. 1 
to 5). Since the power points obtained by the two Independent methods 
correlated extremely well with each other, confidence In the performance trend 
Is high. The maximum standard deviation was 0.357 W for the LMS method and 
0.531 W for the FF method for obtaining the dally maximum power from the 
telemetry. 

Analysis showed that the FF method calculation was sensitive to the value 
of series resistance (ref. 2). A 0.5-ohm change or error In Rs will shift 
the fill factor two digits In Its second significant place. The telemetry 
from each revolution exhibited this degree of Inaccuracy In the determination 
of Re. A 0.5-ohm Increase occurred from day 69 to day 80 (table 1). This 
short term Increase In 85 caused the fill factor to decrease by two digits 
during this time frame, which In turn caused the power dip In Figures 2 and 
4. Since either no data existed or none were within acceptable limits between 
day 80 and day 117, the smoothed plotting curve Just continues the curve In 
this region. In spite of the telemetry accuracy, however, the agreement and 
correlation In the fill factors In Table 1 were considered quite good. 


CONCLUSIONS 

The results of the first data set which Included day 32 to day 123 after 
launch showed a gradual monotonic 4 percent decrease In short circuit current, 
which correlated extremely well with a 5 percent degradation In maximum output 
power, obtained by two Independent techniques. In addition, the fill factor, 
open circuit voltage, and series resistance exhibited no apparent degradation 
and were constant within the experimental error and the accuracy of the 
telemetry. During this first time frame In which the solar panel performance 
has been monitored and telemetry data received, the results and analysis 
strongly suggested that power degradation was essentially the result of short 
circuit current degradation. 

The original maximum power output of the LIPS solar panel generated at 
Spectrolab with an uncolllmated xenon lamp solar simulator was 24.5 W with an 
Icr of 1.29 A, a Vqc of 25 V, and a fill factor of 0.76. This was 
obtained from a composite of three current/voltage curves taken on separate 
sections of the panel. The maximum power was equivalent to a beglnnlng-of- 
llfe (BOL) panel efficiency of 15 percent at AMO (ref. 4). Since BOL data 
were not available on the panel after deployment In orbit and assuming no 
degradation of laboratory measured power output before and during launch, the 
BOL power degraded about 7 percent before day 32 after launch. Comparison of 
the BOL short circuit current with the day 32 value showed a 6.5 percent 
degradation. Again, there was good correlation of the power degradation with 
the short circuit current degradation. A total 12 percent power and short 
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circuit current degradation occurred up to day 123 after launch. A power 
plateau or degradation stabilization (fig. 5) may have been reached at 12 
percent 1oss» although additional data are required. By comparison to 
published laboratory data on GaAs solar cells (ref. 5), a 12 percent 
degradation In BOL output power occurred after radiation damage Imposed by a 
1.0-HeV electron fluence of 2x10^^ electrons cra"^ in JPL's dynamitron 
particle accelerator. Silicon cells having BOL 14 percent efficiency, BSF, 
and BSR would degrade 12 to 20 percent depending on cell thickness (ref. 6) 
under these fluence conditions. Stated differently, silicon solar cells with 
6-m11 cover glass In a LIPS type of low Earth orbit (600 n ml) will degrade 12 
to 20 percent In the same time frame that GaAs degrades 12 percent. If GaAs 
power degradation Indeed stabilizes, the power loss would be approximately 
half that of silicon after 1 year. 

More experimental and orbital data are required to determine and 
understand the degradation mechanisms In the solar cell panel and the 
parameters contributing to a loss In short circuit current In this severe 
radiation orbit. 
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TABLE - 1. 


Day 

isc 

(AMP) 

Vqc 

(VOLT) 

pp 

(MPP-LMS) 

FF 

(MPP-FF) 

RS 

(OHM) 

32 

1.21 

24.66 

76 

78 

2.29 

33 

1.20 

24.62 

77 

78 

2.23 

34 

1.20 

24.64 

76 

78 

2.12 

38 

1.19 

24.57 

76 

78 

2.35 

39 

1.19 

24.53 

77 

78 

2.33 

41 

1.19 

24.56 

76 

78 

2.26 

42 

1.19 

24.59 

77 

78 

2.43 

43 

1.19 

24.51 

77 

78 

2.43 

44 

1.18 

24.51 

76 

79 

. 2.08 

46 

1.18 

24.49 

77 

78 

2.29 

47 

1.19 

24.49 

76 

78 

2.19 

48 

1.20 

24.44 

77 

76 

2.74 

49 

1.18 

24.50 

77 

78 

2.35 

51 

1.18 

24.42 

78 

76 

2.84 

52 

1.18 

24.46 

77 

78 

2,44 

53 

1.19 

24.40 

77 

77 

2.60 

54 

1.19 

24.50 

77 

78 

2.22 

55 

1.18 

24.45 

77 

77 

2.56 

56 

1.19 

24.41 

77 

76 

2.88 

57 

1.18 

24.46 

76 

79 

2,28 

58 

1.18 

24.42 

77 

76 

2.89 

59 

1.18 

24.42 

76 

78 

2.14 

60 

1.19 

24.45 

76 

76 

2.83 

62 

1.18 

24.41 

76 

76 

2.93 

63 

1.17 

24.46 

77 

78 

2.37 

64 

1.17 

24.44 

77 

78 

2.24 

66 

1.17 

24.38 

76 

78 

2.43 

69 

1.17 

24.38 

77 

78 

2.37 

72 

1.17 

24.34 

76 

76 

3.00 

76 

1.17 

24.29 

77 

76 

2.88 

77 

1.17 

24.24 

77 

76 

2.79 

78 

1.16 

24.26 

78 

76 

2,89 

80 

1.16 

24.37 

78 

76 

2.78 

117 

1.16 

24.40 

76 

79 

2.08 

118 

1.15 

24.46 

77 

78 

2.50 

123 

1.16 

24.44 

76 

78 

2.22 
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Figure 5. - Degradation of LIPS solar array normalized to day 32 versus days after launch. 
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INFLUENCE OF OXYGEN ON DEFECT PRODUCTION 
IN ELECTRON-IRRADIATED, BORON-DOPED SILICON 


U84 2932' 


Henry M. DeAngells and Peter J. Drevlnsky 
Rome Air Development Center 
Hanscom Air Force Base, Massachusetts 


Deep level transient spectroscopy (DLTS) measurements were made on 
float-zone and crucible-grown, boron-doped silicon irradiated with 1-MeV 
electrons. The minority carrier trap, which has been attributed to a 
boron-related state, was not seen in low-resistivity, float-zone silicon. 
However, a new majority carrier trap was observed in these samples. In the 
case of more lightly doped material the minority carrier trap was present, and 
its introduction rate was lower in float-zone than in crucible-grown silicon. 
For 1- and 10-ohm-cm float-zone material that had been oxidized during 
processing, the introduction rates for this trap were comparable to those for 
crucible-grown silicon. This behavior is a strong indication that the 
minority carrier trap involves oxygen and that it may be due to a boron-oxygen 
complex. On the other hand, the majority carrier trap seen in heavily doped, 
float-zone silicon may also Involve boron but not oxygen. Observed trap 
concentrations suggest that oxygen content in the regions examined by DLTS is 
affected by processing techniques. Other differences were observed in defect 
production and annealing behavior of electron-irradiated, float-zone and 
crucible-grown silicon. 
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DEFECT STUDIES IN ONE-NEV ELECTRON IRRADIATED 6aAs 
AND IN Alj^Ga^ j^As P-N JUNCTION SOLAR CELLS* 

Sheng S. LI and W. L. Wang 
University of Florida 
Gainesville, Florida 

R. Y. Loo 

Hughes Research Laboratory 
Malibu, California 

W. P. Rahllly 
Aeropropulslon Laboratory 


Studies of the radiation induced deep-level defects in one- 
MeV electron irradiated GaAs sola rc ells as a function of the 
electron fluence (i.e., 1x10 ^ to 10'” cm"^) and of the grown-in 
defects in Al^Ga^^j^As p-n junction solar cells for x = 0.05 and x 
=0.17 have been carried out in this work by using the Deep-Level 
Transient Spectroscopy (DLTS) technique. Defect parameters such 
as defect energy levels and density were determined. Carrier 
removal rate was deduced from the C-V measurement, and the 
results were compared with the published data for GaAs. The main 
electron traps observed for the one-MeV electron irradiated GaAs 
cells are E^-0.51, £^,-0.71, and E^-O.SO eV, and the main hole 
trap is due to the E^ + 0.71 eV level. Electron trap density was 
found to vary from 5x10^^ 9?”^ 1x10^^ cm”^ electron fluence 
to 3*7x10^^ cm“^ for 1x10^° cm“‘^ electron fluence; a similar 
result was also obtained for the hole trap density. As for the 
grown-in defects in the Al^Ga^_^As p-n junction cells, only two 
electron traps with energies of £^-0.20 and E^-0.54 eV were 
observed in samples with x = 0.17, and none was found for x < 
0.05. Auger analysis on the Al^Ga^_^As window layer of the GaAs 
solar cell showed a large amount of oxygen and carbon 
contaminants near the surface of the AlGaAs epilayer. Thermal 
annealing experiment performed at 250 ®C for up to 100 min. 
showed a reduction in the density of both electron traps. 


% 
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I. Introduction 


The objective of this work is to identify the radiation- 
induced deep-level defects in the one-MeV electron irradiated 
GaAs solar cells fabricated by the infinite solution melt liquid 
phase epitaxial (LPE) technique and the grown-in defects in the 
Al^Ga-|_^As p-n junction solar cells with different alloy 
compositions by using the Deep-Level Transient Spectroscopy 
(DLTS) technique. The I-V and C-V measurements are employed to 
determine the background concentration and the carrier removal 
rate vs electron fluence in GaAs cells irradiated by pne-MeV 
electron for fluences of 1x10'^, 1x10 5x10 and 1x10^ cm"^. 
The C-V and DLTS measurements were used to determine the defect 
parameters such as energy levels and defect density as well as 
capture cross section of electron and hole traps in both one-MeV 
electron irradiated GaAs solar cells and in AIq^-IyGsq ojAs p-n 
junction cells. Thermal annealing study was perform ea on the 
kl ^ jQ aQ^Q-rks p-n junction cell to study its effects on the 
deep-level traps. Section II presents the results of I-V, C-V, and 
DLTS measurements on the one-MeV electron irradiated GaAs cells. 
Section III discusses the results of our I-V, C-V, and DLTS 
measurements on the AIq ^YGaQ^0^As p-n junction cells; the 
results of our thermal annealing* study on these cells will also 
be discussed. Conclusions are given in section IV. Section V 
lists the references. 


II. One-MeV electron irradiated GaAs solar cells 

In this section, the results of our study on the deep-level 
defects induced by the one-MeV electron irradiation in GaAs solar 
cells are discussed- The electron irradiation on the GaAs cells 
was performed for four different electron fluences ( .e., 1x10^^, 

1x10*^, 5x10^^, and 1x10^^ cm*^). The GaAs solar cells used in 

this study were fabricated at Hughes Research Laboratory, using 
the infinite solution melt LPE technique; an AlQ^gGaQ^^As window 
layer of 0.5 urn thick and a Sn-doped GaAs active* layer of 10 um 
thick were deposited on the GaAs substrate. The I-V and C-V 
measurements were performed to determine the carrier density and 
carrier removal rate in the GaAs active layer as well as the 
recombination mechanisms in these cells. The results of the I-V, 
C-V, and DLTS analysis are discussed next. 

2.1 R-esults and discussion of the I-V measurements 


In this section the results of the I-V measurements on the 
one-MeV electron irradiated GaAs cells for four different 
electron fluences are presented. Fig. 1 shows the forward I-V 
characteristics curves of the GaAs cells with electron fluences 
of 0, 1x10^^, 1x10^^, and 1x10*^ cm**^. The results show that 

diode ideality factor **n” is 2.2 ^^or tjie un i r r a d i a t e d , the 


electron fluences of 1x10^^ and 1x10^ 


2 

cm irradiated cells, and 
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equals to 1.3 for the 1x10^ e/cm^ irradiated cell. The reason 

* for the diode ideality factor to he greater than 2 is probably 
due to the high series resistance in these cells. If the 
recombination current is the dominant current component, then 
values of "n" for the cell should be varied between one and two. 

* The equation which governs the recombination-generation current 

under forward bias conditions depends on the depletion layer 
width and the carrier lifetime in the depletion region of the 
diode, and can be written as: [l] 

I = [2kTW.An^/2 (Vv^-V)-?;] exp(qV/nkT) (l) 

where 1< n <2. From equation (l), it is noted that the 
recombination current in the diode is inversely proportional to 
the effective carrier lifetime in the depletion region. 
Increasing defect density due to electron irradiation in the 
depletion region of the cell will reduce the carrier lifetime in 
that region, and thus will result in the increase of the dark 
current and the decrease in the open-circuit voltage or 
conversion efficiency. From Fig.1, it is clearly shown that the 
recombination current under forward bias condition is indeed 
increased with increasing electron fluence. This result is 
consistent with our DLTS observation in that the defect density 
in the irradiated cells is also found to increase with increasing 
electron fluence. This will be discussed further in section 2.3. 


2.2 Results of the C-V Measurement 

The results of C-V measurements on one-MeV electron 
irradiated GaAs cells for different fluences are presented in 
this section. To deduce the background dopant density from the C- 
V measurements, the data were converted into a C vs V p l_o^ » and 
the results are displayed in Fig. 2. From the slope of C vs V 
plot the background dopant densities were determined for these 
cells, and the results are listed in table 1. Note that the 
carrier removal rate vs electron fluence can be determined from 
this background dopant density change with electron fluence. 

The carrier removal in GaAs cells by one-MeV electron 
bombardment is caused by the isolated defects and the multiple 
charge clusters, but it is usually dominated by the isolated 
defect formation. [ 2 ] Thus, the total defect density determined 
^ from the DLTS measurement should be less than the carriers which 
were removed by the one-MeV electron irradiation. The carrier 
removal rate in n-GaAs irradiated at room temperature is 
independent of the initial carrier density and the chemical 
nature of the donor species. [3*4J , nor it depends strongly on the 
conductivity type of the m a t e r i a Is. [ 3 ] Relatively few workers 
who have studied both n- and p~type GaAs reported roughly the 
same carrier removal rate for both types. [5-7] Fig. 5 shows the 
carrier removal rate vs electron fluence for the undoped and Sn- 
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doped GaAs, as well as the results published recently by several 
authors. [5-9] The carrier removal rate shows a wide range of 
variation from 0.5 to 5 cm". The reason for the large variation 
in the value of carrier removal rate observed by different 
researchers is not due to the impurity effects [ 3 ] rather than in 
the electron beam flux. It is important to point out that the 
large carrier removal rate is produced by large beam flux while 
small beam flux produces small carrier removal rate. [ 7 , 8 , 9 ] The 
possibility of a higher damage rate with a higher flux is 
suggested by Moore et al. [s] They measured the lattice disorder 
per implanted As atom for both monoatomic and diatomic 
implantation beams and found that in the diatomic case the two 
correlated As ions which dissociated at the surface create two to 
three times more damage per atom than do the isolated As ion 
tracks when the low electron beam was used. The simple defects 
are more important to the carrier removal than the cluster 
defects. The production of cluster defects will increase with 
electron energy and its effect on the carrier removal may become 
comparable with simple defects at about 50 MeV electron 
energy. [ 3 ] 


2.4 Results of the DLTS Measurement 

The DLTS thermal scans of electron traps for the one-MeV 
electron irradiated Sn-doped GaAs solar cells for different 
electron fluences are displayed in Fig. 4 . It is noted that no 
electron trap was observed in the unirradiated GaAs samples which 
is consistent with the results reported by several researchers 
[ 1 O— 14 ] for the LPE GaAs. As for the one-MeV electron irradiated 
GaAs cells three electron traps with energies of Ec-0.31, 0.71 
and 0.90 eV were observed in these samples, with Ec-0.71 eV 
electron trap being the dominant trap level. This electron trap 
has always been observed in the one-MeV electron GaAs and other 
particle b 0 m b a rd m e n t . [ 3 , 7 , 1 3 ] From Fig. 4 and table .1 it is 
noted that the general trend in defect production is toward 
deeper spectrum and higher defect density when the electron 
fluence increases from 1x10 ^ to IxlO’® e/cm^. Lang et al [ 14 ] 
have investigated defects produced in GaAs by different particles 
such as 185 KeV O"^, 1.8 MeV (alpha)"^, 450 KeV p"*" and the one-MeV 
electrons. He observed that the general trend is toward a 
broader and deeper level defect spectrum as the mass of the high- 
energy particle is increased. In general, one finds that the 
heavier the bombardment particles or the higher energy particles, 
the more complex deep-level defects would be produced. 

For the 1x10 e/cm*^ electron irradiated GaAs sample studied 
here, there are two electron traps observed ^ith energies of Ec- 
0.71 and Ec- 0.90 eV and densities of 1.1x10'^ and 8.2x10^^ cm“^, 
respectively. The Ec-0.90 eV electron trap was not observed in 
samples irradiated with other fluences, and the annealing of this 
trap was not dependent on the donor density according to Aukermen 
and Graft's data. [ 11 ]. Thus, it appears that this level does 
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not form defect complexes with the donor impurities during the 
annesling process* As for 5x10^ and 1x10 e/cm electron 
irradiated samples, the main electron traps are due to the E^- 
0.51 and E -0.71 eV levels. The density of both traps was found 
to increas'^e with increasing electron fluence. Lang et al [14] 
has observed the Ec-0.51 eV electron trap and found that its 
energy remained constant with respect to the valence band edge by 
changing the x fraction of the samples irradiated by 
one-MeV electrons. In an attempt to identify the physical origin 
of this electron trap, Lang et al [u] prepared GaAs samples with 
different crystal orientations. They found a higher value of 
defect concentration from the easy Ga atom sites and lower defect 
density from the hard Ga atom sites. Jaros and and Brand [15J 
have also shown that for GaAs one should expect vacancy states t^ 
be strongly tied to the valence band edge. Based on the above 
results, it is reasonable to assign the Eg-0.31 eV electron trap 
level to a Ga-vacancy defect. 

The dominant hole trap observed in the one-MeV electron 
irradiated GaAs samples is due to the E^ + O.TI eV level. This is 
shown in Fig. 5. Density of this hole trap is also found to 
increase with increasing electron fluence. The defect parameters 
such as defect energy level and density as well as capture cross 
section are listed in table. 1 for GaAs cells irradiated with 
one-MeV electrons. It is noted from table. 1 that the total 
defect density is lower than the total carriers removed by the 
one-MeV electrons. This implies that the one-MeV electron 
irradiation in GaAs cells would produce defect clusters in 
addition to the point defects such as vacancies or interstitials. 


III. The Al^Ga^_^As p-n junction solar cells 

In this section, the results of our C-V and DLTS study on the 
grown— in defects in the A 1 ^^G a .j _ A s p — n junction cells are 
presented. Two alloy compositions with x = 0.05 and x = 0.17 were 
studied. The results showed that for x equal or less than five 
atomic percentage no measurable electron or hole traps were 
detected in these samples. In addition, the Auger analysis was 
performed on the AIq oSaQ^^As window layer of the GaAs solar 
cells to assess the compositions and surface comtaminants in the 
AljjGa^_j^As epilayer. 

5.1 Auger Analysis of the AljjGa^_^As LPE layer 

In this section, a brief description of the Auger 
Spectroscopy analysis on one Al ^^Ga.^ _ ^^As-GaAs solar cell is given. 
The intention is to estimate the atomic compositions in the 
Al^Ga. As epilayer and to analyze the chemical contaminants at 
the su'rface of this window layer. A semi-quantitative Auger 
analysis was performed on the AlGaAs epilayer at the surface, 
1/4, l/5» 1 / 2 , 3/4 depth of this layer and at the interface of 
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the metallurgical junction of AlGaAs/GaAs solar cell. Each layer 
was removed by the sputtering etch technique, and the atomic 
percentage of each chemical species was calculated from the Auger 
data. The results of this analysis are summarized in table. 2. 
Prom the results, it is shown that at the surface of the AlGaAs 
window layer there is significant contaminants due to carbon and 
oxygen and a small fraction of nitrogen. These contaminants 
disappear after the second sputtering etch or at 1/4 depth into 
the epilayer. The Auger analysis also reveals that an abrupt 
junction exists between the AlGaAs window layer and the GaAs 
active layer. Finally, we notice that the atomic percentages for 
the Al^Ga^_jjAs layer appear to be nonstoichiometry with 55 % for 
As and 47 % atomic percentage for A1 plus Ga at the interface of 
the AlGaAs/GaAs junction. Thus, it is possible that grown-in 
defects in the Alj^Ga^_^As epilayer could be due to Ga- or Al- 
vacancy related defects, as is evidenced by the Auger analysis. 


3.2 Results of the C-V and DLTS Measurements 

The background dopant (Sn-doped) density was determined by 
the C-V measurements as described in section 2.2. The DLTS 
measurement was performed on Alj^Ga._^As p-n junction cells with x 
= 0.05 and x = 0.17. The results snowed that no measurable deep- 
level defects were detected in samples with x equal or less than 
0.05, and two electron traps with energies of Eg-0.20 and E -0.34 
eV were observed in cell with x = 0.17. It is noted that both of 
these two electron traps were not detected in the LPE GaAs or 
AlxGai_xAs layer with x less than 0.05- Thus, the two new 
electron traps that observed in the AIq^ ^ yGaQ^ g^As p-n junction 
cell are primarily associated with the nonstoi*c biometric related 
native defects such as Al- or Ga- vacancy defects as pointed out 
in section 3.1. In order to verify our point of views we 
performed low temperature thermal annealing study on this sample 
at 250 °C for up to 100 minutes, and measured the defect density 
vs annealing times. Fig. 6 shows the DLTS scans of the electron 
traps vs annealing times (250 ° C annealing). The density of each 
electron trap vs annealing time is also shown in the same graph 
for comparison. It is noted that the annealing rate is faster 
for the shallower trap than the deeper trap. Since the density 
of each electron trap can indeed be reduced by the thermal 
annealing process and does decrease with increasing annealing 
time, it is obvious that both electron traps are not impurity 
related defects but rather than caused by the nonstoichiometric 
effects. It should be interested to see how the density of these 
electron traps will vary with the values of x toward higher Al 
contents. Further studies should be conducted to find out the 
functional dependence of the electron or hole traps vs the alloy 
composition, x, in the AljjGa^_jjAs epilayer. Table 3 lists the 
defect parameters for the two electron traps observed in the 
Al.iyGa.gjAs p-n junction solar cell as determined by the DLTS 
measurements . 
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VI. Conclusions 


Studies of deep-level defects induced by the one-MeV electron 
irradiation in G 
our differ 
, and 1 x1 0 

p-n junction cells for different values of "x" have been~carried 
out in this work. For the one-MeV electron irradiated GaAs solar 
cells, there are three main elec tron t raps with energies of E„- 
0.31, Eq- 0.71, and Ej,-0.90 eV and densities in the 1x10^^ to 

4x10^^ cm“^ range and one hole trap with energy of Ev+0.71 eV 
observed in these samples. The density of each trap was found to 
increase with increasing electron fluence. Since all these traps 
are believed to be Ga-vacancy related defects (except the Ec-0.90 
eV electron trap), the low temperature thermal annealing or 
periodic thermal annealing process have shown to be highly 
effective for reducing the density of these traps, as being shown 
by our previous studies. [7,12] 

Our Auger analysis of the Al^Ga^_^As window layer of the GaAs 
solar cells reveals that there is a significant amount of the 
carbon and oxygen contamination near the surface of the AlGaAs 
layer, and the nonstoichiometric nature of the A1 Ga^ As (i.e., 
As > 50 and (Al + Ga) < 50 %) was observed in this layer. 

The DLTS analysis of the grown-in defects in the Alj^Ga^_^As 
p-n junction solar cells for two values of "x" shows that for 
samples with "x" less than 0.05 no measurable deep-level defects 
were detected, and for cell with "x" equal to 0.17 two electron 
traps with energies of E^,-0.20 and Eg-0.34 eV were observed. 
Thermal annealing performed at 250 °C for up to 100 minutes on 
the X = 0.17 cell shows that the density of both electron traps 
decreases with increasing annealing time; with the shallower 
electron trap annealed at a faster rate than the deeper trap. 
Both electron traps observed in this sample is believed to be Al- 
vacancy related defects but not impurity related defects as 
confirmed by the 250 °C thermal annealing experiment. 

From our DLTS study of defects in GaAs and Al^Ga^_^As p-n 
junction solar cells, it is clearly shown that all the defects 
observed are not impurity related defects rather than they are 
due to native defects such as vacancy or vacancy related defects. 
Thus, it is obvious that low temperature thermal annealing or 
periodic thermal annealing process is a viable technique to 
reduce the native defects as well as the radiation induced 
defects in both the GaAs and AljjGa^_^As p-n junction solar cells 
fabricated by the LPE growth method. 


for f 
5x1 0^^ 
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solar cells irradiated at 

electron fluences (i.e., 
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ORIGINAL PAGE ^ 
OF POOR QUALITY 


TABLE 1. - DEFECT PARAMETERS MEASURED IN ONE- 


MeV ELECTRON IRRADIATED GaAs SOLAR CELLS* 


Electron 

Flueace 

(e/ca-2) 

Id 

Sa^doped 

(ca-5) 

Electron 

Ec-Bt 

(eV) 

Traps 

It 

( ca-3) 

1 

Bv*Bt 

(«v) 

Hole Traps 

It 

(ca-3) 

Sp 

(ca2) 

1x10*^ 

4.4x10^^ 

0.71 

3.2x10'^ 




lxio'5 

4.2x10^^ 

0.71 

0.90 

1 • txiojj 

B.2x10’* 

0.71 

5-7x10^5 

4x10"’^ 

M 

O 

4xl0’^ 

0.31 

0.71 

7 . 61 I 0 JJ 

?.2xl0’* 

0.71 

7.8x10^’ 

4x10”’^ 

1x10*^ 

5.1x10^* 

0.31 

0.71 

3.2x10jj 

3.7x10’^ 

0.71 

2.2x10'^ 

4x10"*^ 


* One-MeV electron irradiatitn vas performed at room temperature 
on these cells at APWAL/APl.. 


TABLE 2 . - AUGER SPECTROSCOPY ANALYSIS OF 


A1 Ga, As LPE WINDOW UYER ON 
X 1-x 

ON GaAs SOLAR CELL 


Location 

C 

elewentt Pound 
N 0 

(Atoai 

Ga 

c %) 
A1 

As 

Outer surface 

21 

mamm 

11 

34 

17 

First Auger scan 
after sputtering 

4 

10 

7 

35 

45 

2nd Auger scan 
after start sputt. 

1.6 

1 

6 

38 

55 

Ave. at 1/4 layer 
depth 

- 

- 

11 

36 

53 

Ave. at 1/3 layer 
depth 


- 

11 

37 

53 

Average just before 
GaAs interface 

- 

- 

11 

37 

53 


* The above data are all in atoaJc percentage with accuracy 
within a factor of 2. 


TABLE 3. - DEFECT PARAMETERS OF ELECTRON 

TRAPS IN A1 Ga, As P-N 
X 1-x 

JUNCTION SOLAR CELLS 


SAMPLES 

COBPOSITIOI 

DOPAIT DEISITT 
(Ss-dopad ) 

KLECTROI 
EIEBGT LEVEL 

TRAPS 

TRAP DEISITT 

X it) 

(«-’) 

E^- B^(eV) 

(e.-5) 

b 

4.6xto’^ 

- 

- 

17 

5. 3 x 10 ’“^ 

0.20 

5.9x10^® 


■ 

0.34 

5 . iiio’^ 
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Figure 2. - 1/C^ versus Vp for GaAs solar cells ir- 
radiated by one-MeV electrons of different fluences 



Figure 1, - Forward I-V curves of one-MeV electron 
irradiated GaAs solar cells with 0, lxlO^^» 1x10^^, 
and 1x10^^ e/cm^ fluence. 
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Figure 3. - Carrier removal rate versus electron fluen« 
for one-HeV electron irradiated GaAs solar cells and 
100 published data for GaAs. 
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Figure 5. - DLTS scans of hole traps for one-NeV 
electron irradiated GaAs cells with different 
fluences. 



T(K) 


Figure 6. - (X.TS scans of electron traps for Alg^yGao ggAs 
p-n Junction solar cells annealed at 250** C for 30, 
and 100 min. (Also shown is density of electron traps 
versus annealing time.) 
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CELL AND DEFECT BEHAVIOR IN LITHIUM-COUNTERDOPED SOLAR CELLS 

I. Weinberg, S. Mehta*, and C. K. Swartz 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

> 


Previous extensive work on lithium-doped silicon solar cells was concerned 
with p'*’/n cells in which lithium was used as the n-dopant (Ref. 1). Om the 
present case, we concern ourselves with n^/p cells in which lithium is 
introduced as a counterdopant, by ion-implantation, into the cells boron-doped 
p-region. Our objectives were to determine if the cells radiation resistance 
could be significantly improved by lithium counterdoping and to relate defect 
behavior to cell performance using deep level transient spectroscopy (DLTS). 


EXPERIMENTAL DETAILS 


The cells were fabricated from 1 ohm-cm boron-doped silicon. All cells were 
2x2 cm, 250 micrometer thick with no anti-reflection coating. Introduction of 
lithium and cell junction formation were achieved by ion implantation. 

Electron beam annealing was used to selectively anneal the cells phosphorus 
doped n"*” region after ion implantation. Cell characteristics are shown in 
Table I. The lithium gradients listed in the Table were determined by 
four-point probe resistivity measurements at the cell back surface and C-V 
measurements at the cell junction to determine lithium concentrations. In all 
cases, the lithium concentrations were greatest at the cells back surface. 
After fabrication, the cells were progressively irradiated by 1 MeV electrons 
to a fluence of lO^^/cm^. Cell parameters were determined with a Xenon 
arc solar simulator while diffusion lengths were obtained using an X-ray 
excitation technique (Ref. 2). Using DLTS, defect concentrations, energy 
levels and capture cross sections were determined and the defects isochronally 
annealed. In order to minimize extraneous annealing, the cells were stored in 
liquid nitrogen before and after irradiation and measurement. 


RESULTS 


From Table I it is seen that the unirradiated lithium counterdoped cells 
yielded reduced maximum power (Pmax) when compared to the 1 ohro-cm control 
cells. Since no attempt was made to optimize the counterdoped cells, it is 
not clear that lithium-counterdoping always reduces power output. However 
after irradiation, the effects of lithium on radiation induced defect 
formation increases the cells power output over that of the control cell. 
This is illustrated in Figure 1 where the lithium counterdoped cell clearly 
yields greater output at fluences greater than 7xl0^2/cm2. The superior 
radiation resistance of the counterdoped cells to 1 MeV electrons is further 
illustrated in Figure 2, where normalized Pmax is plotted against fluence. 


♦NASA - Cleveland State University intern. 
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The tendency shown in Figures 1 and 2 was exhibited by all counterdoped cells 
fabricated from the 1 ohm starting material (Figure 3). Isochronal anneals of 
short circuit current are shown in Figure 4 where partial cell recovery is 
observed at 100“C. The DLTS spectrum of a lithium counterdoped cell is shown 
in Figure 5. Similar spectra were obtaineo for the 1 ohm-cm control cells. 
Energy levels and capture cross sections for the control and lithium 
counterdoped cells are shown in Table II while Figure 6 shows the isochronal 
annealing behavior of the defects in the lithium counterdoped cell. 


DISCUSSION 


Cell Behavior 


The present results indicate a significantly increased radiation resistance 
for the lithium counterdoped cells when compared to the boron doped 1 ohm-cm 
control cell. This should be compared to the slight superiority found for 
lithium doped p‘*‘/n cells under beta irradiation (Ref. 3). It is also noted 
that the present cells show a much greater improvement in radiation resistance 
than the almost trivial increase we observed previously in 0.35 ohm-cm 
counterdoped cells prepared by diffusion technique (Ref. 4). The question of 
superior radiation resistance to 1 MeV electron irradiation being clearly 
established, we now turn our attention to defect behavior in these cells. 


Defect Behavior 


Examination of Table II clearly demonstrates that the lithium counterdoping 
results in an almost completely new set of defects, i.e., the defects at 
Ev+0.23, Ev+0.33, and Ec-0.27eV present in the control cell are no longer 
detectable in the counterdoped cell. However, within experimental error 
(*.01eV) the defect at Ev+0.26eV can be considered as overlapping in energy 
the defect at Ev+0.28eV in the counterdoped cell. The difference in capture 
cross section argues, however, for some change in this defect on 
counterdoping. From the proceeding, it is observed that counterdoping of 
silicon with lithium results in a different set of defects. However, very 
little is known concerning their structures. On the other hand, since more is 
known concerning the defects in boron-doped silicon, we can use this knowledge 
to obtain information regarding the behavior of lithium in altering the 
control cell defect structures. 


Defect at Ev+0.23 eV 


This defect has been unambigously identified as the divacancy (Ref. 5 and 
Ref. 6). It has also been firmly established that lithium forms complexes 
with divacancies (Ref. 7). Hence, it is concluded that the defect at Ev+0.23 
eV is altered on counterdoping by the complexing of lithium with divacancies. 
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Defect at Ec-0.27eV 


The atomic constituency of this defect is unclear at present. However, there 
is general agreement that it contains boron (Refs. 6 and 8). It has also been 
well-established that lithium combines with boron (Ref. 9). We therefore 
conclude that the defect at Ec-0.27eV is altered on counterdoping by the 
combination of lithium with boron. 


Defect at Ev+0.33eV 


This defect is sometimes called a carbon related defect (Ref.. 8). It has been 
identified, alternately, as the vacancy-oxygen-carbon (V-O-C) complex 
(Ref. 6) or as a carbon interstitial-carbon substitutional (Cj-Cs) complex 
(Ref. 10). With respect to this latter identification, there is no evidence 
that lithium combines with carbon in silicon. However, the present data 
appears to indicate complexing with the Ev+0.33 defect, or its constituents. 
This rules out identification of this defect as [Ci-C$]. 

We now consider possible interactions with constituents of the assumed [V-O-C] 
complex. It has been established that lithium combines with oxygen in p-type 
silicon (Ref. 11) and single vacancies (Ref. 12). It is therefore possible 
that the lithium combined with either one or both of these defects to impede 
formation of the [V-O-C] complex. Interaction with [V-O-C] as a whole is 
ruled out because this defect is positively charged (Ref. 13). We thus 
speculate that counterdoping inhibits formation of the [V-O-C] defect by the 
interaction of lithium with oxygen and/or single vacancies. 


Defect at Ev+0.26eV 


A defect with energy level at Ev+0.28eV has been identified as the carbon 
interstitial (Refs. 8 and 14). The present defect has an energy level which 
almost coincides with this value. However, the isochronal annealing data of 
Figure 6 rules out indentif ication as the carbon interstitial in the 
counterdoped cells. This follows from the fact that the Ev+0.28 defect 
anneals out at 250’C in the counterdoped cell, while the carbon interstitial 
is known to disappear at T<100*C (Refs. 8 and 14). 


Summary of Defect Interactions 

The available evidence indicates that lithium counterdoping alters the defects 
at Ev+0.23 and Ec-0.27eV by combining with divacancies and boron. With 
respect to the defect at Ev+0.33eV, it is speculated that this defect is 
prevented from forming by the interaction of lithium with oxygen an/or single 
vacancies. The fact that lithium does not complex with carbon rules out the 
identification of this defect as the carbon interstitial-carbon substitutional 
pair in the boron doped control cell. From the preceeding, we conclude that 
the increased radiation resistance of the lithium counterdoped cells is due to 
the complexing of lithium with divacancies and boron. It is also speculated 
that complexing with oxygen and single vacancies also contributes to the 
increased radiation resistance. 
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Isochronal Annealing 


The annealing behavior of the defect at Ev+0.43eV (Fig. 6) correlates with the 
isochronal annealing of I sc. The most striking feature is the minimum in 
defect concentration corresponding to a rise in Isc at 100“C. In general, an 
increase in the concentration of this defect accompanies decreased cell output 
while decreased concentration corresponds to increased cell output. It is 
noted that this is the only observed defect which influences cell output in 
this manner. We therefore conclude that the defect at Ev+0.43eV is dominant 
in decreasing cell output as a result of the 1 MeV electron irradiation. 


CONCLUSIONS 


As a result of this research, it is concluded that 

Lithium counterdoping significantly increases the radiation 
resistance of 1 ohm-cm boron doped n'*’/p silicon solar cells. 

Performance of the counterdoped cells can be improved by annealing at 
100* C. 

In the counterdoped cells, isochronal annealing behavior of the deep 
level defects indicate that the defect at Ev+0.43eV is the major 
defect which decreases cell output under 1 MeV electron irradiation. 

Lithium counterdoping alters defect structures originally present in 
the boron-doped control cells by combining with boron and vacancies 
and possibly with oxygen and single vacancies. 
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TABLE I. - CELL CHARACTERISTICS 


CELL 

RESISTIVITY* 

Li 

GRADIENT 

Isc 

(ma) 

i 

P MAX 
(mw) 

FF 

Z 

CONTROL 

1 

- 

97.1 

595 

44 

76.1 

z-io 

1.8 

1.6 X 10^7 

98.3 

540 

39.5 

74.4 

Y-ll 

1.7 

5.2 X 10l6 

100.4 

494 

33 

66.5 

Z-3 

1.7 

2.2. X 1017 

100.8 

508 

36.2 

70.7 

Y-6 

1.5 

2.6 X 10^^ 

96.2 

541 

39.8 

76.4 

Z-12 

1.7 

2.1 X 10l7 

101.3 

505 

36.5 

71.3 

Y-7 

1.4 

1 

1.2 X 10l7 

100.1 

555 

41.6 

74.9 


* EXCEPT FOR CONTROL: MEASURED AT BACK CONTACT AFTER 
INTRODUCTION OF LITHIUM. 

ALL CELLS 2x2 CM, 250 /UM THICK; NO AR COATING 


TABLE II. - ENERGY LEVELS AND CAPTURE CROSS SECTIONS 



1 OHM-CM BORON DOPED 

1.8 OHM-CM Li COUNTERDOPED 

ENERGY 

LEVEL 

(eV) 

Ev+.23 

E/.26 

— 

Ev+.33 

Ec-.27 

oo 

CSI 

> 

UJ 

E/.A3 

Ev+.52 

Ec-.46 

CAPTURE 

CROSS 

SECTION 

(cm^) 


3x10' 

4x10-17 

2xl0-l& 


8.5x10-1* 

2x10-13 

IxlO-W 






3x10-13 

1 



9.3x10- 
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Figure 3. - Normalized maximum power versus resistivity. 
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Figure 4. - Isochronal anneal of lithiun-counterdoped silicon cells. 
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Figure 5. - DLTS spectrum of lithiunv-counterdoped silicon cells after 1-HeV electron irradiation. 
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Figure 6. - Isochronal anneal of defects in. lithium-counterdoped silicon solar cells using OLTS 
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DEFECT INTERACTIONS IN 6aAs SINGLE CRYSTALS 


H. C. Gatos and J. Lagowski 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 


The two-sublattice structural configuration of GaAs and deviations from 
stoichiometry render the generation and Interaction of electrically active 
point defects (and point defect complexes) critically Important for device 
applications and very complex. Of the defect-induced energy levels, those 
lying deep Into the energy band are very effective lifetime "killers." The 
level 0.82 eV below the condition band, commonly referred to as EL2, Is a 
major deep level, particularly In melt-grown GaAs. We have shown that this 
level Is associated with an antisite defect complex (AsQa - ^As)* 
further determined possible mechanisms of Its formation and Its annihilation. 
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EQUIVALENT ELECTRON FLUENCE FOR SOLAR PROTON DAMAGE IN 
GaAs SHALLOW JUNCTION CELLS 

John W. Wilson 

NASA Langley Research Center 
Hampton, Virginia 

L. V. Stock 

Old Dominion University 
Norfolk, Virginia 


The short-circuit current reduction in GaAs shallow junction heteroface 
solar cells has been calculated according to a simplified solar cell damage 
model in which the non uniformity of the damage as a function of penetration 
depth is treated explicitly. Although the equivalent electron fluence was 
not uniquely defined for low-energy monoenergetic proton exposure, it is 
found that an equivalent electron fluence can be found for proton spectra 
characteristic of the space environment. The equivalent electron fluence 
ratio has been calculated for a typical large solar flare event for which 
the proton spectrum is 


♦p(E) = A/E (p/cm^) 


where E is in MeV. The equivalent fluence ratio is a function of the 
cover glass shield thickness or the corresponding cutoff energy E^. In 

terms of the cutoff energy, the equivalent 1 MeV electron fluence ratio is 
given as 


rp(E^) = 


where E^. is in units of KeV. 


INTRODUCTION 


It is customary in protection from a mixed radiation environment to develop 
concepts under which effects of radiations of different quality may be 
combined to ascertain the total environmental effect on device 
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performance.^ From an electronic device point of view, the equivalent 
electron fluence is usually employed to determine the combinational rule. 
The equivalent electron fluence is defined as that fluence of electrons of 
fixed energy (usually 1 MeV) which produces the same effect on the device 
performance as a particle fluence of a particular type, energy and fluence 
level. Therefore, the fluence of electrons <|>e equivalent to a fluence of 
protons <t>p(Ep) of energy Ep is given by 

' V*p(Ep)l (1) 


where Rg and Rp are the corresponding device response functions for 
electrons and protons. If relation (1) is satisfied, then the equivalent 
fluence ratio may be defined as 

^('p^ = (2) 

where the usefulness of the concept requires that rp(Ep) not depend on 
the magnitude of <f>n(Ep). The combined effects of electron and proton 
exposure are then taken as 

K (E ),'!>]= R [4' + r. (E )<j> (E )] (3) 

tof^^p' p^’^e-" e p' p p p 


where <|)e and <|>p{Ep) are the mixed environmental components. 

The traditional understanding of equation (3) comes from the recognition of 
the role of the minority carrier diffusion length. The diffusion length is 
related to defects within the cell by 

L"^ = L‘^ + K <() + K (E )♦ (E ) (4) 

0 e p' p'^p' p' ' ' 


from which the equivalent fluence ratio is found from the damage 
coefficients as 


’^n(En) = K„(E^)/K 
p' p' p p' e 


(5) 


Implicit in equation (4) is the assumption that the cell averaged diffusion 
length L is sufficient to define cell response. It was found experimen- 
tally in Si solar cells that the cell averaged diffusion length was not 
sufficient to define cell response for low energy proton damage for which 
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there is appreciable spatial nonuniformity in defect production within the 
active region. Further studies in heteroface shallow junction GaAs solar 
cells found an explicit dependence of the equivalent fluence ratio on the 
proton fluence level at low proton energies where spatial variations in 
defect production are present in the active region of the cell.^ In 
general, this implies that damage estimates and experimental testing must 
adequately simulate the mixed components within the environment. These 
results were derived on the basis of monoenergetic normal incident proton 
beams. The angular isotropy and continuous energy spectrum may yet make an 
equivalent electron fluence test meaningful for the space environment. 

This will now be considered within the context of a previously derived 
model’** as applied to solar flare produced particles. 


SOLAR COSMIC RAYS 


According to Webber^, the solar cosmic ray omnidirectional proton fluence 
(p/cm^) per year is approximately 


♦p(>Ep) - 10^+0-025 £-2 


( 6 ) 


where S is the yearly average sunspot number. A detailed study by 
Foelsche® yields 


*p(>Ep) » 5 X 10^^ Ep^ (7) 

for low energy protons during the year 1960. The spectrum of Foelsche is 
used in the present study. 

The defect areal density produced at a depth x within the solar cell is 
given by 


os 1 

Dp(x) = 2 tt / dEp / d(cos 0) {D(Ep) - 0[Ep(x/cos 0)]} ♦p(Ep) (8) 


where D(Eq) is the total number of defects formed if the proton stops 
in the material, Eq is the initial proton energy, Eq(x/cos 6) is the 
residual proton energy after traveling a distance x/cos 0, 0 is the 
colatitude and 4ir(|ip{Eo) is the differential omnidirectional proton 
fluence spectrum incident on the cell face. 
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SHORT CIRCUIT CURRENT REDUCTION 


The short circuit current may be approximated by 


i 


sc 



n^.(x) [1 - F(x)] p(x)dx 


( 9 ) 


where a is the depth of the active region, nc(x) is the unirradiated 
charge collection efficiency, F(x) the fractional current loss due to irra- 
diation and p(x) is the photoabsorption density for forming electron-hole 
pairs in the cell; It has been shown that' 

F(x) . 1 - Ej[ 6 


where E 2 (Z) is the exponential integral of order 2, o^. is the average 
recombination cross section at a defect site"*, and xj is the junction 
depth in the cell. The remaining short circuit current ratio is 
approximately 

isc/i'sco ^ ^ ^ p(x)dx/ / p(x)dx] (11) 

0 0 


where it is assumed nc(x) is nearly constant over the cell active 
volume. The remaining short circuit current was evaluated using equations 
(8), (10), and (11) with modification of the proton spectrum by first pas- 
sing it through the equivalent of a thickness of cover glass. The form of 
the spectrum was taken as 


♦„(>E„) = A/E^ 
P P P 


( 12 ) 


where A is numerically the fluence with energy greater than 1 MeV. 
Results are shown in figure 1 as a function of cover glass thickness for a 
0.5 pm junction depth and 0.4 pm Atj^Gaj^_j^As window. 

The remaining short circuit current has been evaluated for normal incident 
1 MeV electrons^ with results shown in figure 2. The equivalent electron 
fluence has been calculated for each cover glass thickness as given in 
Table I and is found to be independent of the damage level. Results are 
expressed as the equivalent fluence ratio 


rp(Ec) = ♦g/^pOl MeV) 


(13) 


'>n PCOr( QE.' 


rf.5 

..jjxi 


where <{i 0 is the equivalent electron fluence level. Results are shown 
in the table along with the corresponding cutoff energies for each cover 
glass thicknes. 


TABLE I. EqUIVALENT FLUEMCE RATIO -fpCEc) AS A FUNCTION OF COVER GLASS THICKNESS t 
AND THE CORRESTONOING CUTOFF ENERGY Ey 


t,wm 

E,,KeV 


2.5 

310 

34,000 

5.0 

550 

13,000 

7.5 

750 


10.0 

950 


15.0 

1250 


20.0 

1550 

1,900 


It is evident from table I that the equivalent fluence ratio can be written 
as a function of cutoff energy as 

rp(Ec) = 10^/E^^-® (14) 


where Ec has units of KeV. This result is clearly applicable to all 
omnidirectional proton spectra of the form in equation ( 12 ) and it remains 
to be seen if equation (14) has a more general validity. 
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Figuro 1. - Short circuit current remaining after solar 
shield thicknesses. 


cosmic ray damage for various cover glass 
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Figure 2. - Short circuit current remaining after 1-HeV electron exposure 
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RESEARCH DIRECTIONS AND PROGRESS IN SERI 
ADVANCED HIGH EFFICIENCY CONCEPTS PROGRAM 

John P. Benner and Lee A. Cole 
Solar Energy Research Institute 
Golden, Colorado 

This program sipports research on novel solar cell desigi^ and materials with the 
objective of achieving the maximum attainable photovoltaic conversion efficiencies. 
This research is directed toward laboratory demonstrations of solar cells of greater than 
30% efficiency under concentrated sunlight and thin film solar cells with one sun 
efficiaicies of 17 to 20%. These demonstrations are necessary intermediate steps 
towards the realization of very high efficiency, multi-bandgap, thin-film solar cells. 

C(Miversion efficiencies above 30% could be achieved by a cascade multijunction cell 
consisting of a high bandgap (1.7 eV) cell coupled optically and electrically on top of a 
lower bandgap (1.1 eV) cell. Use of a tunnel juncticm, fabricated in the high bandgap 
material, for the coupling layer has received the most study. Recent improvements in 
peak currents of this interconnect are quite promising. However, this cell structure 
poses difficult problems for matericds fabrication as a result of the combined 
requirements of choice of bandgaps, low defect density material, and high doping 
densities. Recent improvements in the quality of materials and newly proposed cell 
structures which may simplify fabrication are significant steps in the development of the 
multijunction concentrator solar cell. 

Several techniques are under study for preparatim of thin films of ni-V semiconductors 
for use in large area solar cells. Single crystal films have been prepared by 
heteroepitaxy on silicon and by separation from reusable substrates. Continued work 
with polycrystalline GaAs has yielded films with millimeter size grains. Further progress 
with thin film GaAs may lead to 17-20% efficient modules. If multijunction technology 
can be adapted to large area cells, module efficiencies may be improved beyond 20%. 


Active Cells in Lattice Mismatched Ternary Compounds 
- Quaternaries only In transparent grading layers and windows 


Control Location of Defects 

- Grading, Controlled Strain or Superlattices 

- Separated films 

Bottom Cells GalnAs, GaAsSb or Silicon 
Top Cells GaAlAs or GaAsP 

- GalnP eliminated due to susceptibility to even low defect densities 

Novel Cell Structures ^ 

- Graded bandgaps - 3 terminal 

- Metal Interconnects “ 4 terminal 


Advanced high efficiency program goals. 
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nodule costs and efficiencies versus 30-year level ized electricity costs for flat plate photovoltaic 
systems. ($50/m2 area-related BOS.) 
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CONCENTRATION 

Advanced high efficiency program direction. 
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OPTIHAL DESIGN OF HIGH-EFFICIENCY SINGLE-JUNCTION AND TANDEM CONCENTRATOR 

SPACE CELLS AT 80* C AND 100 SUNS* 

John C. C. Fan and B. J. Palm 
Massachusetts Institute of Technology 
Lexington, Massachusetts 


Computer analysis has been used to determine the AMO conversion efficiency of 
8 ingle -junction crystalline cells, two-cell and three-cell crystalline tandem 
structures operating under 100 suns and at 80®C, For optimally designed devices, 
the calculated efficiencies are 24% for single-junction cells, 33-35% for two-cell 
tandem structures, and 37-39% for three-cell tandem structures. Practical 
efficiencies are expected to be about 15 relative percentage points lower in each 
case. 


INTRODUCTION 

Recently, there is much interest in using concentrator cells in space, partly 
for economic reasons but mostly because of the potential higher resistance of 
concentrator modules to radiation. One particularly attractive scheme is to use 
miniaturized Cassegralnlan concentrating optics (ref. 1,2). Under such optics, it 
has been estimated that the optimal operating conditions for such cells in space 
are under 100 suns and at 80® C. 

In the present study, we have calculated the performance of single-junction 
crystalline cells, two-cell and three-cell crystalline tandem structures operating 
under 100 suns and at 80°C. In making the calculations we have made the basic 
assumption that the material quality of the crystalline materials of all energy 
gaps is equal to that of the best GaAs and Si so far prepared. Using the procedure 
outlined in the Appendix, we have determined the optimal energy gaps for the 
component cells in each type of structure. For optimally designed devices, the 
calculated AMO, 100-sun efficiencies for operation at 80®C are 24% for 
single-junction cells, 33-35% for two cell tandem structures, and 37-39% for 
three-cell tandem structures. Practical efficiencies are expected to be about 15 
relative percentage points lower in each case. As in the case of one-sun ^ 
calculations of crystalline /crystalline (ref. 3), amorphous /amorphous (ref. 4), 
amorphous/crystalline (ref. 5) tandem structures, there are advantages in using a 
four-terminal structure rather than a two-terminal structure, because the former 
yields slightly higher conversion efficiencies, and efficiencies are less sensitive 
to variations in energy gaps, radiation damage coefficients and operating * 
temperatures. 


*This work was sponsored by the National Aeronautics and Space Administration and 
the Department of the Air Force. 
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SINGLE- JUNCTION CONCENTRATOR CELLS 


Figure 1 shows the calculated AMO conversion efficiencies at 100 suns as a 
function of energy gap (Eg) for single -junction cells operating at 80*C. (For 
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Fig, 1. Calculated AMO conversion 
efficiencies at 1 sun, 100-sun, 
500-sun , and 1000-sun 
concentrations of single-junction 
solar cells made of materials 
having various bandgap energies. 
The cells are at an operating 
temperature of 80®C, 


comparison, the calculated efficiencies for 1 sun, 500 suns and 1000 suns are also 
included*) For single-junction cells, the highest calculated efficiencies are 
obtained for energy gaps of about 1*40 eV, for which the calculated values are 
24,3%* (Note, the optimal energy gaps shift to lower energies with increasing 
concentration, and substantial gains in conversion efficiencies can be obtained 
with modest concentration,) Gallium Arsenide (GaAs), which has an energy gap of 
about 1,40 eV (ref* 6) at 80®C, Is the ideal material for single-junction cells, 
with practical AMO efficiencies of about 20-21%* The reduction in efficiency from 
the calculated value occurs mainly because our model does not include contact 
shading losses and because actual quantum efficiency and fill factor values of the 
cells are often lower than the calculated ones. Therefore, to achieve conversion 
efficiencies much above 20%, a different strategy — the utilization of tandem 
structures rather than single-junction cells — should be used* 


TANDEM CONCENTRATOR CELLS 

In the tandem configuration, solar cells with different energy gaps are 
stacked in tandem so that the cell facing the sun has the largest energy gap. This 
top cell absorbs the incident photons with energies equal to or greater than its 
energy gap and transmits the less energetic photons to the cells below. The next 
cell in the stack absorbs the transmitted photons with energies equal to or greater 
than its energy gap and transmits the rest downward in the stack, etc* In 
principle, any number of cells can be used in tandem. In practice, system 
* considerations and economic reasons greatly affect the number of component cells 
used. 


The design of tandem cells is considerably more complex than that of 
single-junction cells* For example, since the upper cells must transmit the 
photons with less energy than their respective bandgaps, their back contacts cannot 
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be continuous metal layers, which are used for this purpose in single-junction 
cells. If the cells in a stack are connected separately, different external load . 
circuits must be provided for each cell. If Instead the cells are connected in 
series, only one external load is used, but for maximum efficiency the thickness 
and bandgaps of the individual cells must be adjusted so that the photocurrents in 
all the cells are equal. 

* 

Two-Cell Tandem Structures 

The simplest type of tandem structure consists of two cells, which can be 
connected to form either two-, three- or four-terminal devices. Owing to the 
serious restrictions (ref. 3) on connecting a number of three-terminal cells 
together for high-voltage operation, they will not be discussed further. 

For the two-terminal (series -connected) structure, because of the requirement 
for photocurrent matching, the allowable range of optimal energy gap combinations 
is very narrow, as shown in Fig. 2, which shows AMO, 100-sun iso-efficiency plots 


TWO-CELL TANDEM 



Fig. 2. Calculated AMO, 100 suns 
iso-efficiency plots for the 
two-cell, two terminal tandem 
structure at 80®C. 


calculated for two-terminal structures at 80^C. In this figure the values of Eg 
for the top cell (£gi ) and bottom cell (Sg2) are given by the abscissa ant 
ordinate, respectively. Thus the points on each plot show what energy gap 

combinations for the two cells yield the specified efficiency. The maximum 
calculated efficiency for the two-terminal structure is 33.5%. The highest 

practical efficiency would be about 28%, since practical efficiencies are expected 
to be at least 15 relative percentage points lower than the calculated values. * 
Note this is much larger than the 20-21% for single-junction cells. Interestingly, 
as in the case of two-cell two-terminal tandem structure for one-sun operation at 
AMO and AMI at 27“C (ref. 3), the optimal combination is for the top cell at 1.70- 
1.75 eV, and the bottom cell is around 1.05 - 1.10 eV. This combination is very • 

fortunate, since it allows the use of Si (Eg = 1.10 eV at 80®C) for the bottom 

cell. Other choices of materials for the bottom cell could be GalnAs or GaAsSb 
ternary compounds. The top cell could be fabricated from Gai_xAl 3 jAs or 

GaAsi_xPx with x about 0.3. The optimal two-terminal structure will require 
accurate control of the material properties of both cells so as to allow 
photocurrent matching. 
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Because photocurrent matching is not necessary for separately connected cells, 
•four-terminal devices have several important advantages over two-terminal devices. 
?irst, the allowable range of optimal energy gap combinations for two cells is much 


#ider. This feature is illustrated 

TWO-CELL TANDEM 
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by Fig. 3, which shows AMO, 100-sun 


Fig, 3. Calculated AMO, 100 suns 
iso-efficiency plots for the 
two-cell, four-terminal tandem 
structure at 80 *C, 


Iso-ef f Iclency plots calculated for four-terminal structures at 80*C. Since the 
energy gap ranges are wider, the control of material preparation parameters can be 
much less stringent than that required for two-terminal structures. The maximum 
calculated efficiency for the four-terminal structure is 34.0%, slightly higher 
than the maximum value for the two-terminal structure. The highest practical 
efficiencies for the four-terminal structure are expected to be about 28-29%. In 
contrast with terrestrial applications, in space, however, the top and bottom cells 
are subjected to electron and proton bombardments. The degradation of each cell 
may be different. Although in Cassegralnian concentrating optics, the solar cells 
may be subjected to much less radiation damages than cells in flat— plate 
configurations, the optical elements such as Ag reflectors may degrade spectrally 
different in space environment. The degradations would cause the photocurrents of 
the component cells to be different. In a two-terminal case, this is a severe 
limitation. In the four-terminal case, this is not a problem. The top cell should 
be at 1.75 - 2.10 eV, and the bottom cell at 1.00-1.20 eV. 

Three-Cell Tandem Structures 

* We have shown that there is a very signficant gain in efficiency in going from 
a single-junction to a two-cell tandem structure. The gain in conversion 
efficiency from a two-cell to a three-cell tandem structure is much smaller. 
Figures 4 and 5 show the AMO 100-sun, iso-efficiency plots at 80®C for the 

» three-cell tandem stuctures with the cells connected in series and separately 
respectively. The curves are plotted for middle-cell energy gaps at 1.40 eV, 

1.45 eV, and 1.50 eV for the series -connected structure, and 1.45, 1.50 and 1.55 eV 
for the separately connected structure. (Separate calculations show that the 

maximum efficiencies are obtained with the middle-cell energy gaps in these 

ranges.) As shown in these two figures, in the three-cell structure, when the 
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Fig. 4. Calculated AMO, 100 suns iso-efflclency plots 
for the three-cell tandem structures where the cells 
are series— connected. The middle cell has an energy 
gap of 1.40, 1.45 or 1.50 eV. The structure is at 
80 “C. 
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Fig, 5. Calculated AMO, 100 suns iso-efficiency plots 
for the three-cell tandem structures where the cells 
are separately connected. The middle cell has an 
TOP-CELL BANDGAP (eV) energy gap of 1.45, 1.50 or 1.55 eV. The structure is 

at 80“C. 


middle-cell bandgap increases , the optimal combination of the top cell and the 
bottom cell also favor higher bandgaps (i.e,, the plots move toward upper-right- 

* hand corner). The maximum calculated efficiencies at AMO are 38.0% for the 
series-connected structure and 39.0% for the separately connected structure. 
Practical efficiencies are about 5-6 absolute percent lower. 

^ In the series— connected three-cell structure, the optimal combinations of 

energy gaps are extremely narrow, even more so than in the two— cell structure, and 
it is expected that degradation of the component cells and the concentrating optics 
in space could pose a severe limitation to the adoption of three-cell series- 
connected structures. In the separately connected case, this is not a problem. 
However, in three-cell structures, three independent power conditioning circuits 
are necesssary, and the substantial increase in complexity in the tandem structure 
may be too high a price to pay for the increase in efficiencies. 

In addition, for three-cell tandem structures, the optimal combination of 
energy gaps require the Eg of the top cell ~2.0 — 2.4 eV, the middle cell 
~1.4 - 1.5 eV and the bottom cell 0.8 - l.l eV. Possible choices for the bottom 
cell can be Si, GalnAs or GaAsSb, and for the middle cell GaAs, CdTe, GalnP. The 
top cell material is harder to select. GaP, AlP and AlAs all have energy gaps in 
the range of 2.2 - 2.4 eV. However, they have indirect energy gaps, and thus not 
very suitable as top-cell materials. The energy gaps in GaAsj_xPx ternary 
compounds remain direct up to 2.0-2. 1 eV at 80*’C, and could be marginally useful. 
For "higher energy gaps, there is no good material available yet. 


CONCLUSION 

In conclusion, substantial efficiency increases are expected for two-cell 
crystalline tandem structures in comparison with single-junction cells. Our 
computer analysis indicated that practical AMO efficiencies of 28-29% at 100 suns 
and at 80®C can be expected. The further increases in efficiency for a three-cell 
tandem structure are smaller, and may not justify the added complexity (see Table 
1). For two-cell tandem modules, the bottom cell should be around 1.0 - 1.1 eV, 


TABLE I. CALCULATED AND PRACTICAL AMO EFFICIENCIES OF SINGLE-JUNCTION, TWO-CELL 
AND THREE-CELL TANOEN STRUCTURES AT 100 SUNS AND BO” C 


# 




Practical Maximum 
Efficiency 
20 - 21 % 

28 - 30% 

31 - 33% 


av - 1.4 eV 
“■g 

bg , - 1.7 - 1.8 eV 

e |2 - 1.0 - 1.1 eV 

CE_, - 2.0 - 2.4 eV 
e |2 » 1.4 - 1.5 eV 
Eg 3 - 0.9 - 1.1 eV 


Number of 
cells 

la 

2b 

3C 


Calculated Maximum 
Efficiency 
24% 

33-35% 

37-39% 
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and SI, GalnAs, and GaAsSb could be excellent choices. For such cells, at AMO and 
at 80®C a top-cell energy gap of 1.70 to 1.80 eV is optimal for both two- and 
four-terminal structures. The GaAs-AlAs and GaAs-GaP systems are very attractive « 
candidates for the top cell. There is a distinct advantage in using a 

four-terminal structure rather than a two-terminal structure, because the former 
yields efficiencies less sensitive to variations in energy gap and is not as 
sensitive to the cell degradation in space-radiation environment. 


APPENDIX 

Calculations were carried out for one-cell, two-cell and three-cell structures. 
Here, we will Illustrate a two-cell calculation. The other cases are similar. Let 
the top cell have a bandgap energy Egj (in eV), and the bottom cell Eg 2 , with 
corresponding short-circuit current densities ^scl '^sc2» Since 
high-quality solar cells have already attained quantum efficiency values over 90%, 
we assume 100% quantum efficiency. Then the short-circuit current densities can be 
written as 


J 

sc 


1 


= / q F(X)dX 

0.2 Pm 


( 1 ) 


sc2 



q F(X)dA 


( 2 ) 


where A * 1.239/Eg (Pm), q is the electronic charge, and F(X) is the solar 

photon Aux density at A, which varies with air mass (ref. 7). 


The open-circuit voltage Vq^, for each of the cells is given by 


V 

oc 


q 


in [ 



oo 


+ 1 } 


(3) 


where X is the concentration ratio, k is Boltzmann's constant, and T is absolute 
temperature. The diode factor is assumed to be 1.0. Jqq is the dark saturation 
current, and if we assume a simple diffusion current, then 



(A) 


The value o| K may be different for different materials. For our calculations 
of 3oo A/ cm , we assume a fixed constant with a value of 0.05. This value was 
selected so that for AMI conditions the calculated Vq^. was 0.97 V for GaAs and * 
0.66 V for Si, values very close to the respective experimental values of 0.98 and 
0.65 V. 
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is the Incident solar power density. With the above equations, can be 

calculated as a function of Egj and Eg 2 . 

To obtain the Iso-^f f Iclency curves, values of l^ot were first calculated for 
different combinations of Egj and Eg£ at T - 353 K, X ■ 100 at AMO. The curves 
were then plotted for all combinations of Egj^ and Eg 2 that produce values of 
within ± IZ of the values stated on the curves. 
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DEVELOPMENT OF GaAs/SI AND GaA1A$/S1 MONOLITHIC 
STRUCTURES FOR FUTURE SPACE SOLAR CELLS* 

M. B. Spitzer, S. M. Vernon, R. 6. Wolfson and S. P. Tobin 

Spire Corporation 
Bedford, Massachusetts 


The results of heteroepitaxial growth of GaAs and GaAlAs directly on Si are 
presented, and applications to new cell structures are suggested. The novel 
■feature of this work is the elimination of a Ge lattice transition region. This 
feature not only reduces the cost of substrate preparation, but also makes 
possible the fabrication of high efficiency monolithic cascade structures. All 
films to be discussed were grown by organometallic chemical vapor deposition at 
atmospheric pressure. This process yielded reproducible, large-area films of 
GaAs, grown directly on Si, that are tightly adherent and smooth, and are 
characterized by a defect density of 5 x 10» cm"2. Preliminary studies 
indicate that GaAlAs can also be grown in this way. 

A number of promising applications are suggested. Certainly these substrates 
are ideal for low-weight GaAs space solar cells. For very high efficiency, the 
absence of Ge makes the technology attractive for GaAlAs/Si monolithic cascades, 
in which the Si substrates would first be provided with a suitable p/n junction. 
The paper concludes with an evaluation of a three bandgap cascade consisting of 
appropriately designed GaAlAs/GaAs/Si layers. 


INTRODUCTION 


The reduction of the cost of GaAs space solar cells is an important aspect of 
research on light-weight high-efficiency cell technology (ref. 1). One approach 
to cost reduction comprises the heteroepitaxy of thin films of GaAs on low-cost Si 
substrates. Such an approach may also offer improved power- to-weight ratio, since 
Si substrates are less dense than GaAs. In the long term, heteroepitaxial 
structures of this type may be well suited to application to the fabrication of 
high efficiency cascade cells. 

In order to achieve good heteroepitaxy, it is necessary to interpose between 
the crystals a lattice transition region, owing to the difference between the Si 
and GaAs lattice constants. Good results have been achieved in several 
laboratories (refs. 2,3,^) through the use of a Ge transition layer 
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which is thought to grade the interface between the GaAs and Si crystals. With 
this technique, cell efficiency of 1^1$ (AMI) has been achieved (ref. 2). The 
presence of the Ge, however, is not desirable in a cascade cell, owing to 
absorption which can occur if the transition layer thickness is not 
well-controlled. 

In this paper, the results of ongoing research into a new type of GaAs-Si 
heteroepitaxy is reported. In this work, both GaAs and AlGaAs have been grown 
directly on Si, without a Ge transition layer. The film growth technology is 
applicable both to fabrication of GaAs cells on low— cost substrates, and to the 
development of advanced cascade structures. A review of crystal growth studies is 
presented, followed by a discussion of possible advanced cell designs. 


CRYSTAL GROWTH STUDIES 


The films to be discussed were grown by orgsuiometallic chemical vapor 
deposition at atmospheric pressure upon ordinary industry-standard Czochralski 
wafers that had a surface normal tilted 3° from <100> toward the <110> 
direction. The depositions were conducted in a vertical reactor, with the 
substrates mounted on a silicon-carbide-coated susceptor that was rotated during 
the deposition to improve uniformity. The entire deposition process was 
computer-controlled and the results to be discussed were therefore easily 
replicated. The growth conditions are summarized in table I. 

Both GaAs and GaAlAs films have been grown as described above. In the case 
of GaAs, the resultant films were smooth, completely single crystal, and uniform 
across the entire 2-inch substrate surface. Figures la and 1b show Nomarskl 
micrographs of GaAs and Gao.9Alo.1As films. Although both films were tightly 
adherent and exhibited no cracking, it can be seen that the smoothness of the GaAs 
film is superior. For this reason, growth studies and film characterization have 
largely been limited to GaAs. GaAlAs is also under investigation, but only 
preliminary data are available at this time. The remainder of the discussion will 
therefore be limited to results obtained on GaAs films. 

The crystallinity of the GaAs films was analyzed using x-ray diffraction; 
Cu-Ko radiation revealed a well-resolved (400) peak as shown in figure 2. The 
absence of polycrystalline regions was confirmed by transmission electron 
microscopy (TEM) analysis. Figure 3 illustrates TBM depth sections in a 
3-micron-thick GaAs film grown on Si. Figure 3a shows the near interface region, 
characterized by a high dislocation density (approximately 10^^ cm"^). Figure 
3b shows a TBM section at a depth of 0.5 microns that indicates that the 

dislocation density is reduced to about 5 x 10^ cm~^. Figure 4 illustrates the 

* dislocation density as a function of depth, measured on various TBM depth 

sections. It can be seen that the dislocation density decreases within the first 
0.3 microns of the GaAs film. It is believed that this decrease is caused by the 
interaction and entanglement of dislocations in the near-interface region. 

The dislocation density reported here is of the same order of magnitude as 
reported in reference 2, in which 14% (AMI) efficient cells were fabricated. 
Reduction of the dislocation density is evidently necessary for fabrication of 
cells of higher efficiency. It is believed that this reduction can be achieved in 
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a number of ways. Blakeslee and Mitchell (ref. 5) have described the alternation 
of thin layers of differing compounds; it may be possible to achieve a similar 
result with alternation of AlAs and GaAs layers. Tsaur et al. (ref. 2) have used 
interrupted growth to address reduction of dislocation density. Both techniques 
seek to bend the dislocation lines so as to prevent their extension into the 
active layer of the device, and it appears that both techniques can be applied to 
the films discussed above. 

Our research into GaAs/Si and GaAlAs/Si heteroepitaxy has therefore 
identified two important areas for further research. First, as in the GaAs/Ge/Si 
approach, the dislocation density must be reduced. Second, the growth of GaAlAs 
on Si must be studied in greater depth. Both investigations are now underway and 
will lead to establishment of film growth technologies applicable to both low-cost 
GaAs cells and also multi-junction cascade cells. 


APPLICATION TO SOLAR CELLS 


In the previous section, we indicated the feasibility of the growth of GaAs 
and GaAlAs directly on Si. Although further research into the growth of these 
films is required, the results to date warrant a discussion of novel cell 
structures made possible by this new growth technology. 

A GaAlAs/GaAs heteroface solar cell, grown on a low-cost Si substrate, would 
be of great interest for space applications, and we are pursuing its development 
at the present time. Figure 5 illustrates a profile plot of the cell structure 
that we are presently growing. Note that this structure has rather sharp 
transitions in doping and ccMuposition. The actual profiles are believed to be 
more sharp than the profile data indicate. We have fabricated solar cells from 
such crystals, grown on GaAs substrates, and have achieved cell efficiency of over 
2051 (AMI), as shown in figure 6. The transfer of this structure to a GaAs-coated 
Si substrate should be straightforward, provided that the defect density can be 
reduced to acceptable levels; however we have not fabricated cells on such 
substrates at the time of this writing. 

Figure 7 illustrates the two- junction cascade discussed by a number of 
authors (refs. 6,7). Recently Fan et al., (ref. 7) calculated the efficiency for 
various bandgap combinations intended for space applications and found that 1.1 eV 
and 1.75 eV would yield efficiency of up to about 32> (AMO). This type of 
structure could in principle be fabricated with the heteroepitaxy described in the 
previous section. Growth of GaAlAs is as yet uncharacterized; thus whether such 
films can be grown within the required defect level limits remains to be 
established. Nevertheless, this is an important cascade solar cell that has 
rather high potential for satisfying high efficiency space solar cell requirements 

A more complicated three- junction structure with a higher theoretical 
efficiency is shown in figure 8. This structure consists of a GaAlAs cell grown 
epitaxially on a GaAs cell which itself is grown heteroepitaxially , as described ^ 
above, upon a Si cell. There are good reasons for devoting serious consideration 
to this cell in addition to the higher theoretical efficiency. First, the 
development of GaAs/Si heteroepitaxy is more advanced and simpler than GaAlAs/Si 
heteroepitaxy. This militates for the use of GaAs for the lattice transition 
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region, at least at the present stage of development. In a three-cell cascade it 
is thus desirable to form the middle cell in GaAs, since the GaAs lattice 
transition region would otherwise introduce parasitic absorption. 

The general complexity of the three-cell cascade that has a GaAs transition 
layer must be compared to the less complex two-bandgap GaAlAs/Si structure having 
a transition layer formed in high bandgap GaAlAs. A definitive selection of the 
best approach would be premature at this time. 

A number of methods of current-matching may be applied to the GaAlAs/GaAs/Si 
cascade. Table 2 illustrates one selection of bandgaps that could be used. There 
is a large mismatch between the short circuit current (Jg^) of the GaAlAs/GaAs 
cells and that of the Si cell, but this can be remedied by using the technique 
developed by Tsaur et al. (ref. 2) in which selected areas of the GaAlAs/GaAs 
cells are removed to permit a fraction of the incident light to strike the Si cell 
directly. For example, a simple calculation shows that the matched current 
density of 17.6 mA/cm^ is obtained by reducing the top and middle cell area by 
only 8>. 

To fully address current-matching, one must consider the actual quantum 
efficiency of each cell, the spectral variation of reflectance resulting from the 
particular antireflection coating envisioned, and the transmission spectra of the 
desired encapsulation system. These factors can significemtly affect the bandgap 
combinations that will yield the best current-matching. Secondary factors such as 
these can make possible the use of "non-ideal" bandgap combinations such as those 
in the GaAlAs/GaAs/Si cascade. Non-ideal combinations that utilize more developed 
semiconductors like GaAs and Si may be the best route to practical cascade cell 
fabrication in the near term. 


CONCLUDING REMARKS 


A sumnary of recent studies of GaAs and GaAlAs heteroepitaxy on Si has been 
presented. The intriguing applications of this technology include the high 
efficiency cascade cell as well as the low-cost GaAs cell on a Si substrate. The 
direction for future studies is clear and will involve: (1) an investigation of 

reduction of dislocations in the GaAs films, (2) heteroepitaxy of AlGaAs on Si, 
and (3) investigation of both design and fabrication technology for multi-bandgap 
cascade cells. Possible cell structures have been suggested and the rationale for 
consideration of non-ideal bandgap combinations has been reviewed. 
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TABLE 1.- RANGE OF OM-CVD GROWTH PARAMETERS 
USED FOR HETEROEPITAXY 


Temperature 
As:Ga ratio 

^2 flow rate 
Growth rate 


550°C to 750OC 
5:1 or 10:1 

5 slpm 
3-5 fim/hr 
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TABLE 2.- AMO CURRENT-MATCHING IN THE THREE-CELL CASCADE 


Cell 

Bandgap (eV) 

Theoretical Jgg 
(mA/cm2) 

Jsc fraction 
(mA/cm2) 

Top-GaAlAs 

2.0 

19.1 

19.1 

Middle-GaAs 

1.43 

38.2 

19.1 

Bottom-Si 

1.12 

52.8 

14.6 


Notes: The theoretical Jg^ is the maximum current available 

from a single junction cell. The Jg^ fraction is the 
mayimum available current after absorption in the 
antecedent cells in the cascade. A reduction in top and 
middle cell area by 8$ is required for current matching. 
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Figure 2. - X-ray diffraction pattern from GaAs film grown directly on Si. 
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Figure 7. - Two- junction cascade structure. 


138 





OF POOR ^ ^ 


i 


i GaAIAs TOP CELL J 

r 1 

Eg=2.0 eV 

1 GaAs MIDDLE CELL 

j 

; Eg =1.43 eV 

GaAs TRANSITION REGION 

Eg =1.43 eV 

. . Si BOTTOM CELL 

. Eg=1.12 eV 

iT J- 

Figure 8. - Three-junction cascade structure. 


* 


139 



1584 29328 


DEVELOPMENT OF A 30 PERCENT EFFICIENT 3-OUNCTION 
MONOLITHIC CASCADE SOLAR CELL* 
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The goal of this project is the development of a 30% efficient 3-junction mono- 
lithic cascade solar cell (100 AMO suns, SO^C), using III-V materials systems. One 
option for optimum utilization of the solar spectrum (extrapolated from the require- 
ments of the AlyGai.x-ylnxAs materials system) requires bandgaps of 1.15 eV (lower 
cell), 1.55 eV twiddle cell) and 2.05 eV (upper cell). The cells may be mismatched 
relative to each other if appropriate grading layers are present. This permits the 
use of a wide range of high luminescence efficiency materials. 

^30.751^0.25^5 (1.15 eV) has been established as the material of choice for a 
high-efficiency lower cell. For the middle cell, Gao.28lf'0.72P> A^O.OBGao 95^5 
and 6aAso.8SPo.12 (3^^ eV) have been developed; the latter two yield the 
highest quality material. High-efficiency cells in these materials have been con- 
structed atop Gao.75Ino.25As by a "double mismatch" technique, in which the grading 
layer (E $1.55 eV) between the lower and middle cells is transparent with respect 
to the lower cell. 

Also currently under study are three promising candidates for the upper cell 

junction: Alo.50Gao.50As, GaAso. 50 Po. 50 » 3nd Alo.45Gao.55-Aso.88PO. 12 (3ll 2.05 

•eV). The final choice of a top cell material will be influenced by the middle cell 
selection. 

To short the interconnecting junctions, two options are being developed. 

First, the appropriate junction has been shorted via metal deposition during pro- 
cessing. However, more facile processing would be permitted if a tunnel intercon- 
nect (or any high-conductance-grown junction) were substituted. 

INTRODUCTION 

This work describes the development of appropriate materials systems needed 
for a three- junction monolithic cascade concentrator solar cell. The optimum band- 
gaps of the individual subcells depend upon whether the subcells are lattice 
matched or mismatched with respect to each other. We have found that high-efficiency * 
subcells, which are crystallographically mismatched with respect to each other and/or 
to the 6aAs substrate, can be produced in III-V materials systems grown by MOCVD. 

A key feature is the insertion of appropriate grading layers between the subcells, 
which leads to the maintenance of high crystallographic, optical and electrical pro- « 
perties of the mismatched materials. 


★ 
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SELECTION OF CELL MATERIALS 


The cascade cell may be grown lattice matched. If direct bandgaps are to be 
maintained throughout, two quaternary materials systems are available: 
AlwOai.x-vI'^xAs and AlxGai_xAsi_ySby. The cell bandgaps which will maximize the 
utilization efficiency of the solar spectrum under these conditions are 1.16 eV, 
1.55 eV and 2.07 eV (Ref. 1). A cross-section of such a cascade is illustrated 
schematically in Fig. 1. Internal windows and conductivity layers are omitted for 
clarity; but included in the cross-section are the interconnects between the sub- 
cells; the uppermost window layer (to reduce carrier recombination at the surface) 
and the top contact layer. 

Alternatively, the lattice matching and direct Eg constraints may be removed 
from the system; this opens up a wider range of III-V semiconductors to considera- 
tion. The optimum individual cell bandgaps drop to 1.0 eV, 1.4 eV and 1.95 eV, and 
the maximum theoretical cascade efficiency (100 AMO suns, 80®C) rises from ~35% to 
-38% (Ref. 1). 


Initial materials development work was carried out in the lattice-matched 
AlwGai V uIOxAs system, in which only moderate cell efficiencies were obtained. 
Subsequent research on lattice-mismatched systems has been significantly more pro- 
ductive and is discussed exclusively here. The 1 .16/1 .55/2. 07eV bandgap goals have 
been temporarily retained in this work, although replacement by the lower-E^ set 
is anticipated. 

Gan 75 lnn 25 AS (1.15 eV) is the material of choice for the low-Eg cell. Several 
options have feen tested for the middle cell (1.55 eV); the most successful are the 

ternaries GaAso.88Po.12 Alo.06®®0.94As> although Gao.28^''0.72P . 

Gai InxAsi wPw have also been studied. Options for the upper cell (2.07 eV) 
include Alo^BoGao.GOAs, Alo. 45 eao. 55 AsQ 8^0 12 * and ^aAso.BOPo 50- T^e two Al- 
containing materials are lattice matched to the AIq QgGa^ g^As and t>aASQ_ggKQ ^2 
middle cells, respectively. 


THE Gag 75lno_25^^ 

A cross-section of a typical Gao. 751110 . 25^5 lower cell (Eg = 
trated in Fig. 2. Se and Zn are the n- and p-dopants; the structure is grown at 
625®C. Between the GaAs buffer layer the the cell proper is inserted a Ga, ^^In^As 
(0 < X < 0.25) grading layer of 6 steps in 2.0 ym. This particular grading 
yields the best overlying cell material, although a linear ramp followed by a short 
(10-period) superlattice is competitive (Ref. 2). The remaining cell layers, in 



\lTcTro:l S, f;onrc;nta;?; are mad^by evaporation of Au/Zn and annealment 
under H 2 . Four 20-mil -diameter dot contacts are symmetrically placed near the 
sample edges. Back contacts are made by soldering In/Sn contacts to the substrate. 
No AR coating is used, and the upper contact layer is removed by a selective chemi- 
cal etch prior to testing. The sample is tested at 300K by illumination with light 
passed through a monochromator. One calibrated Si reference cell samples the inc - 
dent light intensity and another measures the front surface reflectivity of the 
sample. The current generated in the test sample is measured by a picoammeter and 
recorded as a function of incident photon energy. The final plot of internal 
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Qudntuni 6 ffici 6 ncy is corrsctsd for r 6 fl 6 ctsinc 6 » The cjudntuiD officisney curvs is 
then integrated against AMO and AM2 ideal spectral distributions to yield the pro- 
jected (AMO) and (AM2). 

Tu peak internal quantum efficiency (Fig. 3) of this cell is 92% at 1.82 eV. 

u* (near-bandgap) response indicates near-optimum j’unction depth; the 

high blue response indicates an excellent lattice match between the emitter and 
upper window, and hence little loss of photogenerated carriers to recombination at 
that interface. The integrated short-circuit current proj'ected for 1 sun (AMO) is 
23.1 mA/cm'^. Diodes (area = 1 .8 x 10-3cm2) fabricated from this structure show 
excellent ideality factors of 1 . 2 . 

Tests of full cells under AM2.4 suns concentration (Fig. 4 ) corroborate the' 
high quality of the cell. The techniques of cell fabrication by standard photo- 
lithographic and metal liftoff techniques have been previously described (Ref. 2). 
The peak overall cell efficiency (n), uncorrected for grid obscuration or reflection 
jossesj is 2].5/o at 172 suns (700 W/cni*^) and remains high at higher concentrations 
(n - 21.4% at 380 suns). The peak fill factor is 0.82 at 113-172 suns concentration. 
Throughout the range of concentrations tested (36-987 suns), the Vqc values are 
high, peaking at 0.85V. This Vqc value is 73% of the E value (1.16 eV), which is 
excellent. 9 

It may be concluded that the Gag. ysInQ, 25^5 cell is competitive with the best 
currently available cells of comparable Eg. The Gag ysing 25^^ cell operates at 
higher efficiency with higher Vqc under concentration than do comparable Si cells 
(Ref. 3). 


GROWTH OF THE MIDDLE CELL BY "DOUBLE MISMATCH" 


GaAsg. 88 Po .12 ^^ 0 . 06 ^* 0 . 94 ^s (1.55 eV) possesses significantly smaller 

lattice constants (a) thandoes Sag. 75 Ing. 25 As (a = 5.650 A for GaAsg.8sP0.12 and 
a = 5.626 A for Alg.gsGag 94AS; mismatch with respect to Gag. 75 Ing. 25 As at*300K = 
2.20% and 1.78%, respectively). Grading in tension between the lower and middle 
cell materials is therefore carried out. For the Alg n 6 Gag.g 4 As middle cell, a 
linearly graded layer, 4-pm thick, of AlyGa-|_x-yInxAs( 0 .H "S y < 0.40; 0 S x < 0.25; 
Eg > 1.55 eV) is used. For the GaAsg agPg -12 middle cell, the AlyGa-|_x_yInxAs 
grading, as above, is followed by an additional step grading (6 steps in 1.8 ym) of 

(0 < z < 0.12; E > 1.55 eV). 


^^0.06^®0.94^h 


• z *^2 


The use of these optimized grading layers ensures the retention of good mater- 
ials characteristics in the overlying semiconductors. Note also that the grading is 
transparent with respect to the lower cell. Middle cells grown by this "double 
mismatch" technique show photoluminescence efficiencies, I-V characteristics and 
internal quantum efficiencies virtually indistinguishable from comparable cells 
grown directly upon GaAs substrates. The substitution of Mg for Zn in at least the 
lower portion of the transparent grading insures that no degradation of the lower 
cell occurs. Because the diffusion coefficient of Mg is approximately 10“4 that of 
Zn under comparable conditions (Refs. 4 and 5), excess p-dopant does not diffuse 
into the lower cell during the growth of overlying layers. A modest loss (10%) of • 

internal quantum efficiency for the lower cell results if this substitution is not 
performed . 
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Spectral response curves for p-on-n and n-on-p A1 0.06^20.94^^ cells (Eg = 1.55 
• eV) grown by the double-mismatch method are compared in Fig. 5. For the p-on-n 
cell, nmax = 80.7%, integrated Jsc (AMO) = 14.49 mA cm-2, integrated Jjc (AM2) = 

9.98 mA cm-2. For the corresponding n-on-p cell: nmax = 89.7%; integrated Jsc (AMO) 

= 15.91 mA cm~2; integrated Jsc (AM2) = 10.98 mA cm-2. The cell layers for the p- 
on-n structure are, in order of growth: collector {Alo.068ao,94As) , emitter 

(Ain 06820 94AS) conductivity layer (Alo.n6Gao.94As), window (Alo.69G2o.06l"0.25As) 
and contact layer (GaAs). Beneath the cell are the Gao.75Ino.25As layer and its 
associated grading layer on either side. The n-on-p cell is similar, but the con- 
ductivity layer is omitted, due to the requisite thinness of the emitter. The 
higher internal quantum efficiency of the n-on-p structure likely is related to the 
use of a thin, highly-doped emitter. The overall responses, however, are excellent 
for both structures. 

Similar behavior is observed for 6aAso.88Po.12 (Eg = eV) p-on-n and n-on-p 
cells grown by double mismatch (Fig. 6). For the p-on-n cell: nmax ^ 78.3%; inte- 
grated Jcr (AMO) = 12.06 mA cm-2; integrated Jsc (AM2) = 8.34 mA cm-'^. For the 
corresponding n-on-p cell: nmax ” 88.4%; integrated Jsc (AMO) = 15.30 mA cm-2; inte- 
grated Jsc (AM2) = 10.33 mA cm-2. Again, the n-on-p cell contains a thin emitter 
and no conductivity layer. 

Small-area (1.8 x 10” ^cm^) mesa diodes have been fabricated in the 
Ain 06Gao 94AS and 6aAso.88Po.12 structures. It is noteworthy that the p-on-n cells 
display higher Vqc values, lower forward resistances and lower dark reverse-bias 
leakage than do their n-on-p counterparts. These characteristics may forecast im- 
proved performance under high concentration. Typical values of are l.OV (for p- 
on-n) and 0.78V (n-on-p). 

The surfaces of the cells grown by double mismatch are specular, displaying the 
crosshatch typical of lattice-mismatched growth. Only very low incidences sur- 
face defects (pyramids, cracks, etc.) are observed, further testimony as to the high 
quality of the material thus grown. 

Preliminary studies on Gag 28^'^0.72P (1*55 eV) as an alternative middle cell 
material reveal inferior luminescence efficiencies relative to Alg. 96820. 94As and 
GaAsn RftPo 12- Gao.zalnn 72P is lattice matched to the lower cell (Gao. 
but appears extremely sensitive to even very small numbers of residual material 
dislocations. 

GROWTH OF THE UPPER CELL 


The three most promising materials for the upper cell (2.05 eV) are: 

*_ - K r»_ XU A A 1 _ 


Ain 5oGao 5 qAs; Aln.45Ga0.55As0.88P0.i2; 2nd GaAso.50Po.50- J^e two Al-containing 
materials are lattice matched to Alo.p6®®Q.94As and 6aAso.88Po.l2» respectyely 
the two most successful options for tne middle cell. Because both compounds are 
indirect-gap at these compositions (the direct-indirect crossover lying 2t approxi- 
mately 1.95 eV), consideration must be given to the reduced absorption coefficients 
and carrier diffusion lengths which result. These systems undoubtedly would benefit 
from a reduction in bandgap to 1.95 eV. Moderate efficiency cells in these two 
materials (nmax ~55%) have been obtained, and efforts to increase these values are 

in progress. 

GaAsn 50P0 50 is lattice mismatched with respect to the middle cell; hence an 
additional grading (Eg > 2.05 eV) will be necessary between it and the middle cell. 
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Efforts here will focus upon optimization of the grading layer as to eliminate 
tension cracking in the upper cell. This material is of particular interest because 
the direct-indirect crossover lies at higher E than in the two A1 -containing com- 
petitors; hence higher luminescence efficiencies and spectral responses are antici- 
pated. Work on this system, especially at 1.95 eV (direct Eg) is also in progress. 

OPTIONS FOR CELL INTERCONNECTS 

Currently two methods of interconnecting the cascade subcells are available. 

The first is the growth of a tunnel junction or leaky junction integral to the 
monolithic structure; the second, the fabrication of metal interconnections during 
processing subsequent to growth. Of these options, the grown interconnect requires 
significantly less processing; the insertion of a few additional layers into the 
cascade poses no problem in an automated system. It is crucial, however, that the 
extremely abrupt doping profile and higher carrier concentrations of the tunnel or 
leaky junction be maintained during the growth of overlying layers. To support a 
cascade cell operating at 100 suns concentration, interconnect conductances must 
exceed 10 A V‘lcm-2. Several leaky, high-conductance junctions in GaAs, using Mg 
and Se as the dopants, have been developed; one isolated junction displays con- 
ductances as high as 210 A V"'cm”2, theoretically sufficient to support a cascade 
operating at -1000 suns concentration. 

A cross-section of this isolated, high-conductance interconnect is illustrated 
in Fig. 7. Mg is the p-dopant of choice due to its low diffusion coefficient (Ref. 
5). Se is used as the n-dopant because of . the relatively high Nq-Na attainable in 
GaAs (~10l9cm-3), despite its moderately high diffusion coefficient. Similar 
structures substituting Si or Sn as the n-dopant display significantly lower con- 
ductances, due to the lower maximum Nq-Na. A number of factors tending to increase 
junction leakiness by maximizing its abruptness have been previously described (see 
Ref. 6); they include n-on-p growth of the interconnect, low interconnect growth 
temperatures, and intentional compensation of the p-side of the junction by the n- 
dopant. These techniques minimize the effects of Se memory and diffusion degradation 
upon the shorting junction. As seen in Fig. 7, the leaky junction displays high 
conductances, of 19 A V-lcm-1, when grown at 730°C and 210 A V-lcm-2 when grown at 
630°C. Note that there is no Se concentration gradient across the junction, elimi- 
nating a potential degradation pathway. The total thickness of this prototype 
interconnect is 2 pm. In a real cell, this dimension would be limited to ~285 K 
(125 A n-type, 160 A p-type) (Ref. 7) in order that < 1% of the light destined for 
the underlying cells be absorbed, if Eg for the overlying cell > 1.4 ym. The rela- 
tively low Eg of GaAs increases the theoretical tunneling probability across the 
junction (Ref. 8); the maximum attainable Nn~N. increases and the donor ionization 
energy decreases at lower Eg, also enhancing this probability. In this particular 
interconnect, there may be additional intragap states induced by the high doping and 
heavy compensation in the p-layer, which are conducive to defect tunneling. 

Despite these high dopant concentrations, the material is not damaged. Over- 
lying middle cell material shows photoluminescence, diode I-V characteristics and 
internal quantum efficiencies very similar to those at middle cell material grown 
directly on GaAs substrates. This is most clearly seen if no electrical junction is 
present in the underlying interconnect material (i.e., doped throughout with Mg and 
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Mg diffusion across the prototype interconnecting junction is relatively insig- 
nificant. Deposition of GaAs: (Mg^+j Se"'"'') may be continued under overlying cell 
growth conditions (e.g., 780°C, 1 hour), with negligible decreases of junction 
conductance resulting. Se diffusion, however, is a more serious problem. When low- 
doped material sandwiches the interconnect (especially on the p-side and if the 
,, interconnect is thin), significant increases in interconnect resistivity result. It 
appears that Se outdiffusion lowers N0-N/\ at the p/n interface of the leaky junction 
Efforts to circumvent this effect are in progress. 

The alternate strategy, of metal -interconnecting the subcells, has already been 
successfully demonstrated for a GaAs-Alo.30Gao.70As prototype 2- junction cascade 
system (see Ref. 9). The extension to 2 subcells of the lattice-mismatched system 
appears obvious. Eventual extrapolation of a metal- interconnect technique to a 3- 
junction cascade may be envisioned, with due respect for the more complex processing 

CONCLUSIONS 

The individual subcells of the 3- junction monolithic cascade concentrator cell 
may be grown lattice mismatched with respect to each other, if appropriate grading 
layers are inserted between the mismatched layers. Under these conditions, negli- 
gible degradation of the properties of either underlying or overlying material 
results, and high-efficiency subcells are produced by this technique. 
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Figure 1. - Schematic cross section of 3- junction 
monolithic cascade solar cell. 
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CONTACT 

WINDOW 

EMITTER 

COLLECTOR 


GRADING 
(6 STEPS) 

BUFFER 


SUBSTRATE 


PEAK QUANTUM EFFICIENCY - 92% (1.82 «V) 

(AMO)- 23.1 mA/cm2 
DIODE IDEALITY FACTOR * 1.2 

Figure 2. - Cross section of typical Gao 75100 
(Eg 1.15 eV) lower cell. 
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Figure 7. - Cross section of isolated, high-conductance 
GaAs interconnecting junction. 
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Figure 5. - Spectral response curves for AIq ogGag 94AS 
(Eg = i-55 eV) middle cells (p-on-n, n-on-p) grown by 
double mismatch on 6^.7sIno,25As. 
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by double mismatch on Gag 75100 25AS 
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High-efficlency, monolithic, two-color, three-terminal solar cells have 
been fabricated by a novel growth technique, vacuum metal-organic chemical 
vapor deposition. The technique uses the expensive metal alkyls efficiently 
and toxic gases sparingly. The fact that the outer chamber Is constructed of 
nonbreakable stainless steel Is an attractive safety feature associated with 
this deposition system. 


INTRODUCTION 

Over the last few years at Chevron, we have been developing high- 
efficlency multicolor solar cells for terrestrial applications. We are using 
a novel MO-CVD growth technique, vacuum MO-CVO, for growing the sequential 
epitaxial layers making up our multicolor cells. Since our growth technique 
uses the metal alkyls efficiently and since the outer reactor Is nonbreakable, 
we feel that our epitaxial growth technology offers some advantages for 
production scale-up as well as some safety advantages. Our two-color cell 
design currently consists of a GaAs(l - x)P(x) top cell and a GaAs(l - y)Sb(y) 
bottom cell In a three-terminal configuration. We have chosen GaAs(l - x)P(x) 
rather than the Al-contalning III-V alloys In order to avoid reactions of A1 
with trace 0 and C Impurities during layer growth. We have pioneered the 
development of this phosphide alloy cell (ref. 1). We are developing the 
antimony alloy cell rather than an In-based cell because the Sb-alkyl source 
vapor pressures are much higher than the In-alkyl vapor pressures. We feel 
that this will be an Important advantage In cell production. In this paper, 
we first describe our vacuum Mo-CVO system and then the current status of our 
two-color, three-terminal solar cell work. Most of the work described herein 
Is applicable to both space and terrestrial solar cells. 


VACUUM MO-CVD 
Basic Concepts 

A schematic drawing of our vacuum MO-CVO deposition system Is shown In 
Fig. 1. A reaction chamber Is contained within a stainless steel vacuum 
chamber. The vacuum chamber can be pumped down to 10~® torr by a 
turbomolecular pump, and the residual gases In this chamber can be monitored 
with a quadrupole gas analyzer. The reaction chamber consists of graphite and 
molybdenum refractory parts. The reactant gases (e.g., trIethyl-Ga (TEGa) and 
arsine) are Introduced Into the bottom of the reaction chamber as shown. The 
substrate wafers are set over holes In the top of the reaction chamber and 
radlatively heated from above. Films are deposited on the bottom side of the 
wafers where the reactant gases contact the hot substrate surfaces. The 
arsine source Is a 1 :1 arsine-hydrogen mixture. The Ga source Is pure TEGa 
Introduced Into the reaction chamber without a carrier gas. During a film 
deposition, the primary species In the reaction chamber Is arsine at a 
pressure of approximately SxlO"^ torr, or 0.7 Pa. The GaAs films are 
deposited via the reaction 
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TEGa ♦ AsH 3 GaAs ♦ 3C2Hg 


( 1 ) 


It follows that the hydrogen atom required to convert an ethyl radical to 
ethane Is supplied by an arsine molecule. 


Vacuum MO-CVO Versus "1 Atmosphere" HO-CVD 

Vacuum MO-CVD differs from the conventional "1 atmosphere" MO-CVO In 
several respects. First, recall that In conventional MO-CVO there Is a thin 
reaction boundary layer adjacent to the substrates. Reactants within this 
boundary layer can diffuse to the substrate and react, but reactants outside 
this layer simply pass by the substrate and are lost. This leads to a poor 
utilization efficiency for the expensive metal alkyl sources. In our system, 
the low pressure In the reaction chamber leads to long mean free paths, and 
nearly all of the metal alkyls hit the hot surfaces and react. If the top of 
the reaction chamber consists of wafer surface, over half of the metal alkyls 
contribute metal add-atoms to the epitaxial film. Long mean free paths also 
facilitate uniform depositions over large areas. 

A second Important difference between our vacuum MO-CVD system and 
conventional systems lies In the mode of construction. Conventional systems 
generally use quartz tubes and rf heating, whereas our system uses a chamber 
constructed of stainless steel and radiation heating. This difference Is In 
part traceable to the difference In rates of heat conduction to the reactor 
walls. A gas at 1 atmosphere will efficiently transport heat away from the 
substrates to the reactor walls. So a lot of heat Is required (rf heating) 
and Inert reactor walls are required (quartz). The quartz Is also required to 
avoid rf coupling. On the other hand. In our system the stainless steel 
chamber walls are thermally Insulated from the substrates by vacuum. Three 
hundred and fifty watts of radiation heating Is sufficient to maintain the 
substrates at a growth temperature of 625" C. Obviously, stainless steel does 
not break as easily as does quartz. 

A final Important difference between these two systems Is that vacuum 
MO-CVO does not use a carrier gas. This Implies a much lower total gas 
throughout for vacuum MO-CVO (I.e., 10 standard mllllllters/mln rather than 1 
standard llter/mln). It also means that the metal-alkyl vapor pressures and 
flows are monitored directly and that the purity of the metal-alkyls and the 
background purity of the system can be monitored with a quadrupole residual 
gas analyzer. 

It Is sometimes argued that reducing the hydrogen carrier gas pressure 
can be detrimental because the hydrogen carrier gas can play a role In 
reducing carbon contamination of the growing films. This argument assumes 
that the hydrogen atom required to convert an alkyl radical to an alkane 
molecule Is supplied by an H2 molecule. However, It Is our belief that the 
ASH3 molecule supplies this hydrogen atom. This follows because the As-H 
bond strength (65 kcal/mole) Is much weaker than the H-H bond strength (104 
kcal/mole). In support of our argument, Manasevit has pointed our that he has 
grown GaAs films using He as a carrier gas. Electrical performance data on 
our GaAs films grown by vacuum MO-CVD also Indicate that the carbon content Is 
less than 1 ppm. 
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Vacuum MO-CVO Versus MBE 


Although some work has been reported on the growth of 6 aAs films In 
vacuum using molecular beam sources of tr 1 methyl- 6 a and arsine, our vacuum 
MO-CVO system Is not a molecular beam system. An Important difference Is that 
our vacuum MO-CVD system contains an Internal hot wall reaction chamber. 

Thus, In vacuum MO-CVD, a given arsine molecule will collide many times with 
the walls of the hot chamber and can hit the substrates hundreds of times 
before reacting or escaping through the exit orifice. In an MBE system, a 
given arsine molecule hits the substrate only once. It Is our belief that 
reaction (1) occurs In two steps. First, a 6 a-alkyl hits the surface and 
easily reacts to eliminate an alkyl radical. Then the alkyl radical Is freed 
from the surface by reaction with arsine. The arsine reaction Is the 
rate-limiting step. Therefore, a higher arsine beam flux Is desirable. To be 
more specific. In the MBE work reported, the TM 6 a beam flux was 10 ' ^/cm^ sec 
and the ASH 3 beam flux was lO^^/cm^ sec. The TM 6 a reacted efficiently 
with one collision. In vacuum MO-CVD, the arsine flow rate Is typically 
approximately 10 times the TE 6 a flow rate, but an arsine molecule hits a 
substrate 500 times before escaping. So, when the TEGa beam flux Is 
lO^^/cm^ sec, the ASH 3 beam flux Is 5xl0'®/cm2 sec. This higher 
beam flux Insures that the alkyl radicals are converted to alkane molecules. 


Advantages of Vacuum MO-CVD 

The production scale-up advantages are the efficient use of the 
metal-alkyls and uniform coatings over large areas. The safety advantages are 
that the stainless steel construction avoids glass breakage and that low 
arsine throughputs are utilized. 


III-V Film Properties 

We have characterized III-V films grown by vacuum MO-CVD via room 
temperature Hall measurements, secondary Ion mass spectroscopy (SIMS) 
profiling, and deep level transient spectroscopy (DLTS). Hall measurements 
made at room temperature on unintentionally dooed GaAs samples show n-type 
conduction with carrier concentrations of IxlO'^/cin^ and mobilities of 
5000 cm2/v sec. This Implies an Ng + N(j of 5xl0'^/cm3 or a shallow 
level density of 1 ppm. SIMS profiles of C and 0 show these Impurities at the 
film-air and film-substrate Interfaces. However, these Impurities are below 
the detection limits (IxloTS/cm^) In the film bulk. DLTS measurements on 
GaAs(l - x)P(x) diodes show an EL2 peak with a density of up to 
Bx10l^/cm3. It Is our belief that these level densities can be reduced by 
source purifications and more systematic growth parameter studies. However, 
these level densities are adequate for solar cell fabrication. 


TWO-COLOR, THREE-TERMINAL SOLAR CELL 
Status 

Figure 2 shows our two-color cell design. The visible light sensing cell 
Is a p-on-n 6 aAs(l - x)P(x) cell with an Al(l - z)Ga(z)As(l - x)P(x) 
passivating window layer. This cell Is fabricated on top of an n-on-p GaAs 
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(1 - y)Sb(y) IR sensing cell. Figure 3 shows the light-generated I-V curves 
for our best performing monolithic two-color cell to date. As can be seen, 
the active area efficiencies for the phosphide and antimonide alloy cells were 
17.1 percent at 133x and 4.0 percent at 360x, respectively (AM2). TEGa, THAI, 
ASH3, and PH3 were used to synthesize the top cell and TEGa, ASH3, and 
trimethyl -antimony (TMSb) were used to synthesize the bottom cell. H2Se and 
diethyl-zinc (DEZn) were used as dopant sources. 


Problems 

Although the results of Fig. 3 are encouraging, the theoretical AHl 
(200x) conversion efficiency Is 38 percent. Several problems can be 
Identified. Three problems are highlighted here. First, the phosphide cell 
fill factor Is starting to fall off at over lOOx. This Is attributable to 
Insufficient doping density In the top p layer. This problem can therefore be 
solved by higher p-type doping densities. The more difficult problems at 
present are In the bottom cell. The current In this cell Is low for two 
reasons. First, the GaAs(l - y)Sb(y) cell band gap Is too high because too 
little antimony has been Incorporated, and second, the peak quantum yield Is 
only 50 percent. We have determined that the Junction In some of our antimony 
cells Is over 0.5 pm deep. So, Interface recombination In the transition 
region between the two cells may explain the poor quantum yields In the low- 
band-gap cell. Since we had fabricated good shallow-junction antimony alloy 
cells previously (ref. 2), a deep Junction could well explain poor quantum 
yields In the two-color device. In the shallow-junction devices, the Junction 
depth was optimized by etching back from the top side. Ideally, the Junction 
position should be precisely controlled by the dopant flow valves. 
Unfortunately, there are variable memory effects associated with Zn doping 
that position the Junction somewhat arbitrarily. The solution may well be to 
use an alternative p-type dopant to precisely locate the antimony alloy cell 
Junction Just below the antimony-to-phosphide transition region. 


Solution 

Two materials problems are at the root of the device problems stated 
above: First, we need an alternative less volatile p-type dopant. A less 
volatile dopant should allow for both higher doping levels and less memory. 
Second, we need to Incorporate more antimony In our antimony alloy films. 

Mg and Be are less volatile p-type dopants. We have begun experiments 
using (C5H5)2Mg (ref. 3), but these experiments are still In progress 
and will not be reported herein. 

We have recently discovered that more antimony can be Incorporated In 
GaAs(1 - y)Sb(y) films by using trIethyl-Sb (TESb) rather than TMSb as the 
antimony source. We have now grown films with 1.0- and 1.1-eV band gaps. The 
fact that TESb should be the preferred source can be understood as follows. 

In growing GaAs(1 - y)Sb(y) using ASH3 and TMSb, there are two competing 
reactions: 

ASH3 ♦ TEGa Eth26aAsH2 + EthH 

(As-H) + (C-Ga) ■» (Ga-As) + (C-H) (2) 

65 + 54 49 + 98 (net 28 kcal/mole) 
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and 

TMSb + TE6a -» Eth2GaSbHeth2 + EthMeth 
(C-Sb) ♦ (C-6a) -♦ (6a-Sb) ♦ (C-C) (3) 

53.5 + 54 -» 46 + 84 (net 22.5 kcal/roole) 


As can be seen from the bond strength calculation, the ASH3 reaction Is 
favored. This means that In order to Incorporate antimony, one has to limit 
the ASH3 flow and provide an excess of TMSb. This leads to a lot of 
hydrocarbon free radicals and possible carbon Incorporation. It also leads to 
touchy control problems because one Is trying to grow an As-rich solid phase 
from an antimony-rich gas phase. When TESb Is substituted for TMSb, equation 
(3) becomes 

TESb + TEGa -» Eth2GaSbEth2 ♦ EthEth 
(C-Sb) + (C-Ga) -» (Ga-Sb) + (C-C) (3a) 


43 + 54 -♦ 46 + 84 (net 33 kca1/mo1e) 

Because the C-Sb bond strength 1s now weaker for the ethyl compound than for 
the methyl compound, the antimony reaction (3a) Is now favored over the As 
reaction (2). This means that one grows films with an excess of ASH3 In the 
gas phase and controls the Sb content with the TESb flow. Three advantages 
result: the Sb alkyl Is used efficiently; the carbon content should be low; 

and composition control Is facilitated. 


CONCLUSIONS 

Vacuum MO-CVO Is a novel method of depositing III-V alloy films In 
sequence for multicolor solar cell fabrication. This technique uses expensive 
metal-alkyls efficiently and toxic gases sparingly and safely. By using this 
technique, two-color, three-terminal solar cells have been fabricated with 
active area efficiencies as high as 21 percent (AM2 under concentration). 
Triethyl-antiraony has been used successfully to grow GaAs(1 - y)Sb(y) layers. 
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el. - Schematic cross section of Chevron Research vacuum HO-CVO reactor. Internally heated reaction 
iber (at substrate plate) is fabricated from molybdenum and graphite. Outer chamber is stainless steel. 
A = residual gas analyzer.) 
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Advantages 

1 . No Shorting Junction Required 

2. Easy Component Celt Testing 

3. Current Matching Not Necessary 


Figure 2. - Schematic cross section of two-color solar cell. 



Figure 3. - Light-generated current versus voltage curves for two- junctions in a monolithic two-color device 
fabricated at Chevron Research. (The performance characteristics are indicated.) 
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PLASMON DEVICE DESIGN: CONVERSION FROM SURFACE TO 

JUNCTION PLASMONS WITH GRATING-COUPLERS 


Lynn M. Anderson 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 


The outlook on harnessing surface plasmons for solar energy conversion 
has brightened considerably: scaling calculations from Lewis and numerical 

studies from the University of Arizona's Optical Sciences Center Indicate that 
grating-couplers should provide effective energy transfer between surface 
plasmons and slower modes localized In the tunnel diodes. Within first-order 
perturbation theory In grating amplitude. 90 percent efficient energy transfer 
occurs within micrometers for some realistic structures with experimental 
materials parameters. (Refined calculations and experiments are In 
progress.) Scaling laws will be derived. Seventy to 90 percent of the em 
field energy can be concentrated In the oxide layer of an MOM diode after the 
energy has been distributed by longer range modes that have less than 0.1 
percent overlap with the tunneling region. The mode conversion allows the 
designer to separate requirements for energy transport and power production by 
Inelastic tunneling. 


« 
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INTERACTIONS BETWEEN VOLUME AND SURFACE EM WAVES 
IN LAYERED STRUCTURES 

S. Ushloda 

University of California 
Irvine, California 

If one wants to use thin films of metals and/or insulators in 
solar cell applications, one needs to understand the interactions 
between the incident volume EM wave (VEW) from the sun and the 
surface EM waves (SEW) of layered solid structures. A simple 
film on a substrate constitutes a three layered structure which 
supports several kinds of SEW. One of the SEW, surface plasmon 
polariton (SPP) in metals, has been suggested as an efficient 
receiver of solar radiation. Using light scattering 
spectroscopy, we have investigated the interaction of SPP in 
silver films on a glass substrate with the incident radiation and 
with optical phonons of an external medium in contact with the 
film. From this experiment we could determine the mean free path 
and the field strength of SPP. The same SPP plays an important 
role in light emitting tunnel junctions (LETJ) in which an 
electrical current is converted into VEW. We are studying the 
efficiency of light emission from LETJ through a prism coupler 
rather than through surface roughness. In another experiment we 
are investigating the coupling between phonon surface polaritons 
(PhSP) and optical guided waves (OGW) in thin films of GaP. Both 
OGW and PhSP are SEW of the dielectric film structure which can 
carry energy in the film. We will review these experiments and 
their relevance to photovoltaic cell applications. 
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PRELIMINARY CONCEPT OF A lOO-KILOWATT MINIATURIZED 
CASSEGRAIN IAN CONCENTRATOR SOLAR ARRAY 

^ Robert E. Patterson 

TRW Space & Technology Group 
Redondo Beach, California 

A miniaturized Cassegrainian concentrator (MCC) solar array system study was 
performed under contract NAS8 t 34131 to assess the practicality of assembling the 
basic MCC element into a. total array system capable of producing multi-hundred kilo- 
watts of power for Space Platform/Space Station or other low earth orbit long life- 
time missions. Preliminary mechanical and electrical subsystems were developed in 
order to determine first order performance characteristics. Results of the study 
support the feasibility of aplOO-kilowatt MCC array system with beginning-of-life 
(BOL) performance of 160 W/m'^ and 28 W/kg and which would occupy approximately 8 lin- 
eal feet of Shuttle Cargo Bay in the fully stowed configuration. The performance 
numbers are based on 20 percent efficient (at operating temperature) solar cells and 
0.25-millimeter thick electroformed nickel optics. These performance numbers can be 
improved upon significantly with the development of higher efficiency solar cells 
and/or lighter weight optics. 

Key first-order array system design requirements were defined to provide a focus 
for the development of a representative array system concept for a "Space Station 
Type" application. These requirements are summarized in figure 1. Array area and 
W/kg performance requirements are consistent with previous concentrator array per- 
formance predictions. Element alignment requirements are based on predicted element 
off-pointing performance. The key design driver for this study is minimum cost per 
kilowatt at the array system level. 

Summary results of the 100-kilowatt system study are presented in figure 2 to 
provide a general view of the overall concept developed. Figure 3 shows the size of 
the deployed 100-kilowatt array and identifies the location and name for each of the 
major components. The substrate for this configuration is made of graphite epoxy to 
minimize thermal distortion and is shown in figure 4. The entire panel is a one 
piece construction with an integral frame. The deployment concept is illustrated in 
figure 5 and is the same approach used on Sky lab and now being employed on the Gamma 
Ray Observatory spacecraft. The performance prediction for the 100-kilowatt solar 
array system concept is summarized in figure 6 and shows a BOL performance of 160 
W/m2 and 28 W/kg. Array area is total gross panel area and, consequently, areal 
power density is based on total gross panel area. 

• Performance of the MCC solar array can be significantly improved upon with tech- 

nology development as shown in figure 7. The use of lighter weight optics results in 
specific power (W/kg) improvement. Lighter weight optics can be achieved by either 
reducing baseline optical element thickness (0.25-millimeter thick electroformed 
^ nickel) or changing to a low density optical element base material (such as aluminum, 
copper, or plastic). The use of higher efficiency cells results in specific power 
and areal power improvements. The MCC approach offers early opportunity for the 
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application of advanced high efficiency cell types that may be more readily available 
as small area devices in large quantities from production facilities otherwise limit- 
ed by market size and capital investment factors. Parallel-processing with surface 
plasmons ("Plasmon Cell") is a new strategy for efficient solar energy conversion 
which is being developed by NASA/LeRC and which could be utilized with the MCC. The 
"Plasmon Cell" offers the potential of 50-percent conversion efficiency. 

Technical feasibility of the miniaturized Cassegrainian concentrator (MCC) has 
been demonstrated at the element level and preliminary system level conceptual stud- 
ies have been encouraging. However, a number of related technology issues, listed in 
figure 8, must be successfully addressed to achieve technology readiness status for 
the MCC solar array. 


PARAMETER 

REOUIREMENT/DESIGN GOAL 

ORBIT 

235 NM 1,57° INC 

BOL POWER 

100 KW 

ARRAY AREA 

650 MAXIMUM 

BOL SPECIFIC POWER 

27 W/KG MINIMUM 

ELEMENT ALIGNMENT* 

(A) ±3 DEGREE MAXIMUM (FROM NORMAL INCIDENCE) 

(B) 1.5 DEGREE MAXIMUM RSS (ALL ELEMENTS) 

ARRAY ASSEMBLY 

(A) SELF-DEPLOYABLE 


IB) ERECTABLE (EVA) 

DEPLOYED DYNAMIC 
CHARACTERISTICS 

COMPATIBILITY WITH SPACE PLATFORM DYNAMIC MODEL 

STOWED DYNAMIC 
CHARACTERISTICS 

COMPATIBILITY WITH SHUTTLE LAUNCH ENVIRONMENTS 

BOL COST 

100 TO 150 $/W 


* INCLUDES THERMAL DISTORTION, MANUFACTURING TOLERANCES, 
DYNAMIC DISTORTION, AND CONTROL SENSING ERROR. 


Figure 1. - Key first-order array system design requirements for concentrator solar array. 
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• thermal, OPTICAL AND ELECTRICAL TEST RESULTS 
DEMONSTRATE ELEMENT TECHNICAL FEASIBILITY 

• DESIGN AND ANALYSIS SUPPORT FEASIBILITY OF lOlMCW 
ARRAY SYSTEM WITH BOL PERFORMANCE OF 160 W/m> 

AN0 28W/k| 

• NO "TECHNICAL BREAKTHROUGHS’* ARE REQUIRED 

• 30KOMM CONCENTRATOR CELLS HAVE BEEN PRODUCED 

• LOW COST ELECTROFORMED Ni OPTICS ARE USED IN FLASHLIGHTS 

• GRAPHITE-CPOXY TECHNOLOGY IS USED IN SPACE AS WELL AS IN 
NUMEROUS COMMERCIAL TERRESTRIAL APPLICATIONS 

• POTENTIAL OF SO W/kf WITH TECHNOLOGY DEVELOPMENT 


Figure 2. - Suimary results of the lOO-kW system study. 



Figure 3. - Deployed 100-kW array. 
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Figure 4. - Panel concept with tri-hex grid element support structure and integral frame. 



Figure 5. - Folded box beam deploynent of concentrator solar array subwing. 
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NOMINAL DESIGN FACTORS 

PARAMETER 

VALUE 

CELL EFFICIENCY 

20% AT 85°C 

OPTICAL EFFICIENCY 

0.81 

WIRING & DIODE DROP 

0.97 

CELL MISMATCH 

0.98 

OFF-POINTING 

0.98 


NOMINAL PERFORMANCE 

PARAMETER 

VALUE 

ARRAY POWER 

104 kW 

ARRAY AREA 

K1 m2 

ARRAY MASS 

3700 kg 

AREAL POWER 

160W/m2 

SPECIFIC POWER 

28 W/kg 


Figure 6. - BOL performance prediction for a 235-nautical mile orbit. 



Figure 7. - Cassegrainian concentrator array enabling technology evolution. 
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• ENVIRONMENTAL STABILITY OF OPTICS 

• NATURAL PARTICLE RADIATION 

• THERMAL CYCLING 

• PLASMA INTERACTION 

• ATOMIC OXYGEN 

• ULTRA-VIOLET EXPOSURE 

• CONTAMINATION 

• LIGHTWEIGHT SUBSTRATE/STROCTURE DEVELOPMENT 

• LOW COST COMPOSITE FABRICATION 

• DIMENSIONAL STABILITY OF EXPOSED STRUCTURES 

• LIGHTWEIGHT OPTICAL ELEMENT DEVELOPMENT 

• LOW COST FABRICATION 

• MAGNETIC EFFECTS ASSESSMENT 

• CONCENTRATOR CELL DEVELOPMENT 

• EFFICIENCY IMPROVEMENT 

• contact integrity 


• SADA STIFFNESS 

• SUB-WING MATING MECHANISM 

• CONCENTRATOR ARRAY PERFORMANCE TESTING 

• PANEL ILLUMINATION TEST EQUIPMENT 

• MECHANICAL ALIGNMENT AND DEPLOYMENT SIMULATION FIXTURES 


Figure 8. - Cassegrainian concentrator solar array related technology issues. 
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PERFORMANCE MEASUREMENT OF LOW CONCENTRATION RATIO* 
SOLAR ARRAY FOR SPACE APPLICATION 


Michael W. Mills 

Rockwell International Corporation 
Los Angeles, California 


The measured performance of a silicon and a gallium-arsenide low 
concentration ratio solar array (LCRSA) element is presented. The element 
characteristics measured in natural sunlight were off-pointing performance and 
response to mechanical distortions. Laboratory measurements of individual 
silicon and gallium-arsenide solar cell assemblies were also made. The 
characteristics measured in the laboratory involved responses to temperature and 
intensity variations as well as to the application of reverse-bias potentials. 

The element design details covered include the materials, the solar cells, and 
the rationale for selecting these specific characteristics. The measured 
performance characteristics are contrasted with the predicted values for both 
laboratory testing and high-altitude natural sunlight testing. Excellent 
agreement between analytical predictions and measured performance was observed. 

INTRODUCTION 

The capabilities and overall usefulness of a manned space station will be 
directly linked to the utility power available for the users. Estimates of 
space station solar array capacity range from not less than 50 kilowatts to 
approximately 330 kilowatts. To supply this level of power, an entirely new 
approach to array design will be needed. Existing solar array designs do not 
readily scale up to this range, and the cost of such power is prohibitively high. 

NASA's Marshall Space Flight Center funded previous concentrator technology 
studies (references 1 and 2) which promised lower cost of power. This 
technology was also shown to be consistent with the large area/high power 
applications and with the practical packaging requirements for Shuttle launch. 
Rockwell recently completed a preliminary design effort of an LCRSA for NASA 
MSFC (ref. 3 ) which satisfies emerging requirements listed below: 

Low recurring cost of power (target of $30/watt) 

1984 technology readiness date 

Low earth orbit. Shuttle launch 

Consistency (interchangeability) with both silicon and gallium-arsenide 
solar cells 


*The work reported in this paper was performed under NASA contract NAS8-34214 
in support of the George C. Marshall Space Flight Center. The author wishes 
to thank the contract monitors W.L. Crabtree and M.R. Carruth. 
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Watts per kilogram governed by transportation cost 
300 to 1000 kW per Shuttle launch 
Four-sided concentrator configuration 

Geometric concentration ratio (GCR) in the range of 2 to 6 

This set of requirements is unique and as a whole quite different from that for 
a relatively low-power geosynchronous application. The array elements described 
in this paper are the photovoltaic building blocks of this preliminary array 
design (see fig. 1). 


DESIGN DESCRIPTION 

Previous configuration studies by Rockwell have shown the geometric 
configuration of the concentrator element used in this preliminary design to be 
simple to deploy and potentially low in cost (refs. 1, 2, and 3). The selection 
of a geometric concentration ratio of six is based in part on the requirement 
for **consistency" in the design of an element which can be used with either 
silicon or gallium-arsenide solar cells. The following description breaks the 
concentrator element down into three parts: reflectors , solar panel, and 

subs t rate/ radiator • 

The reflector design selected for the preliminary design is a rigid frame 
supporting a stretched thin film. The frame is molded from a polysulfone 
material filled with chopped graphite fibers. The film reflectors are bonded to 
this frame with a low-viscosity, high- temperature epoxy adhesive (EA 956). The 
reflectors are an aluminized 0.05-mm Kapton film. This material provides a low- 
cost, high specular-reflectance surface (88 percent specular, 90 percent total 
reflectance at 0.63 micrometers). 

The reflector assembly comprise six reflector surfaces. These are hinged, 
using strips of aluminized Kapton tape, which allows the reflector assembly to 
fold for compact storage. The hinges are taped in such a manner that the side 
panels cannot fold past a nominally flat position and the corner hinges cannot 
fold past a nominally right-angle position from their collapsed state. In the 
collapsed condition this assembly is 13 mm thick. The physical size of the 
element in its collapsed and deployed state is given in figure 2. 

The reflectors are attached to two stamped aluminum plates which serve as 
both a substrate for the solar cells and a radiator. The radiator size was 
selected so its surface area is twice as large as the continuous substrate 
material (beneath the solar cells). This results in an overall outside 
dimension of 350 mm by 350 mm when deployed. The thickness of this material is 
0.8 mm. These dimensions were selected as a result of a radiator/ solar cell 
cost trade study. 


The radiator/ substrate has a 0.03-inm Kapton insulator bonded with a layer 
(approximately 0.15 mm thick) of epoxy adhesive (EA 956). The low viscosity of 
this adhesive is needed to achieve a thin and void-free bondline. These 
criteria were established to maximize the thermal conductance to the 
substrate/radiator below. 

The uninsulated surface of the substrate/radiator is coated with a 
matte-white high- temperature paint. This thermal control coating is intended to 
lower the solar alpha/ thermal epsilon ratio in order to minimize the operating 
temperature. Typical values for this type of paint are alpha * 0.2 and epsilon 
= 0.85, ot/e « 0.23. 

The solar cells are bonded to the radiator/ substrate using silicone 
adhesives. The silicon panels are assembled by using RTV 577 applied to the back 
of individual cells and then pressing them on to the substrate and weighting 
them in place* The GaAs cells are assembled using DC93 - 500 and a vacuum bonding 
method. The intent in either case is to provide a relatively thin bondline of 
known and controlled thickness while ensuring complete, void-free coverage of 
the back surface. 

Applied Solar Energy Corporation (ASEC) fabricated and delivered two 
mechanically interchangeable silicon solar panels. ASEC also supplied ten 
individual cells with interconnects attached. 

Spectrolab, Incorporated, fabricated one solar panel and supplied ten 
interconnected gallium- arsenide cells. The solar cells were supplied by Hughes 
Research Laboratory. 

In the test program, cells measuring 20-mm by 20-mm were selected for both 
cell types to provide comparative performance data. The preliminary design of 
the silicon half-panel for space application calls for 50-mm x 50-mm cells. The 
larger cells were selected because they offer a significant recurring cost 
advantage over the smaller ones in both the cell fabrication and in subsequent 
array assembly. The gallium-arsenide preliminary design for space application 
calls for the use of 20~im by 20-mm solar cells since no lower recurring cost 
cells are projected to be available by the 1984 technology readiness date. 

All solar cells delivered for use in this test program were assembled using 
a soldering process. The preliminary design for space application calls for a 
welded interconnection process. The selection of a welded process is based 
partly upon the relatively high on-orbit temperatures to be experienced. Just 
as important is the need to survive the extreme number of temperature cycles 
inherent in the low earth orbit environment. A solar array for space station 
application will be expected to survive ten or more years with more than 5,000 
temperature cycles per year. 

There are two different types of interconnects used in the construction of 
the two kinds of development hardware. The silicon solar panels use a silver 
mesh interconnect with an out-of-plane stress relief loop. The interconnect 
material is a perforated and expanded silver foil which is subsequently rolled 
and annealed. The individual interconnects are cut and formed from this. The 
GaAs cells are interconnected by using Spectrolab 's proprietary Solaflex (a 
silver-plated Kovar material with out-of-plane stress relief loops). 


TEST OBJECTIVES 


The individual solar cells were used for laboratory characterizations under 
concentrated sunlight/elevated temperature conditions, for fabrication of 
secondary reference standards, and for reverse-bias testing. Laboratory solar 
simulator tests were also performed on the individual half panels. The 
laboratory tests were conducted at Rockwell's Seal Beach, California, facility 
using a Large Area Pulsed Solar Simulator (LAPSS) and the associated data 
acquisition unit. The laboratory testing served several purposes. The 
delivered hardware was checked for compliance with the requirements of the 
subcontract (buy-off). The ability to control the conditions of the laboratory 
allowed detennination of response coefficients to change in intensity and 
temperature for analytical model development. The measured reverse-bias 
performance of the hardware was used for design purposes. The absolute response 
of these devices established a benchmark from which the program's 1985 
projections of performance can be referenced. A summary of the laboratory tests 
performed is given in table I. 

While the LAPSS is a high-fidelity reproduction of the space sunlight 
spectrum and intensity, the differences in apparent source size and divergence 
of the beam would affect the energy distribution on the solar panel. This 
prevented its use for testing the assembled concentrator elements. The 
predicted distributions for the space sunlight conditions are shown in figure 3. 
The conversion of energy with this unique distribution was a major concern of 
the design which required demonstration. These considerations demanded the use 
of natural sunlight for element testing. 

The natural sunlight testing of the concentrator elements was performed to 
verify the performance of a unique physical configuration. Performance was 
measured as a function of off-angle pointing and various mechanical distortions. 
If the results of the testing confirmed the predicted terrestrial output, this 
would tend to validate the analytical methods and modeling used. Such results 
would also tend to validate the predicted space output since the same analytical 
methods were used but with a different environmental model. The concentrator 
element represents a complex structure (relative to most solar panels in use) 
and a new power production technology. Independent verification of performance 
was therefore desired. A summary of the natural sunlight tests is given in 
table II. 


TEST DESCRIPTIONS AND RESULTS 

The method used to generate illumination levels greater than one sun in the 
laboratory was to reduce the distance between the flash-lamp and the device 
under test. The reference standard solar cell was always in the same plane as 
the device under test. A cross-check was made between displacement and 
reference standard short circuit current (Isc). The displacement (Xcal) between 
the reference standard and the lamps was initially measured when the output of 
the standard equaled its calibration value. This intensity and displacement 
were scaled using an inverse-squared relationship to determine a new 
displacement (X) at a higher intensity (fig. 4). When the reference standard 
was relocated from its initial location to the intended displacement, repeated 
measurements were made of its output. Good agreement between predicted and 
measured output was achieved (table III). 
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The one-sun Isc calibration values (leal) for the reference standards were 
based upon the measurements performed by the subcontractors (Spectrolab and 
ASEC). The individual devices were measured against primary balloon-flight 
reference standards of the same generic cell type (identical spectral response). 
The following technique is normally used to correct measured data (I) to air 
mass zero (AMO) conditions (!')• 


I' 


leal 
Isc * 


This must be modified as follows for use at higher illumination levels, for 
which no leal is known: 

■■ ■ ■ > 


This is based upon the previously established assumption of reference 
standard Isc linearity with intensity* It proved to be especially important at 
the elevated intensities to ensure that the front surface of the reference 
standard was in the same plane and equally distant from the lamp as the device 
under test. This was ensured through repeated measurements of the test setup 
geometry and by measurements of reference standard output in its normal position 
and in that of the device under test. The results of the intensity and 
temperature tests are given in figures 5 and 6. 

Several of the solar cells were subjected to dark, reverse-bias tests. 

These were performed to assist the evaluation of the need for bypass diodes in 
the concentrator array design. The cells were tested after the installation of 
interconnects and were mounted on a water-cooled block at 28®C and 60®C. The 
characteristics were measured with a curve tracer. Figure 7 shows the typical 
results of the reverse-bias testings. 

As a result of the pretest optical analyses of the concentrator element, it 
was expected there would be an interaction between the cell arrangement 
(series/parallel direction) and the direction of tilt in the off-pointing tests. 
The element was rotated in three directions: about the x-axis, about the 

y-axis, and about the diagonal. The measured short-circuit current and the 
calculated power output are shown as a function of pointing angle. Some 
sensitivity was shown to direction of tilt, but this was not dramatic* The 
results of the pointing tests are presented in figure 8. 

The apparatus used for measuring the pointing angle of the element is shown 
schematically in figure 9. The location of the projected image of the small 
hole in an aperture cover on the receiver plane determines the alignment between 
the element optical axis and the solar direction. To facilitate measurement of 
pointing angle, a calibrated overlay is placed on the receiver to allow direct 
reading of angular orientation. During the alignment procedure, the aperture is 
covered and the element temperature drops. When the cover is removed, the panel 
is allowed to return to a steady-state temperature before the measurements are 
made. 
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The only technique used for calculating effective element output power (P) 
for the natural sunlight tests is given below, based upon a measured curve fill 
factor (CFF); 


P - Isc Voc CFF 

The curve fill factor was taken from the LAPSS test data for the individual 
devices when measured at AMO, CR»4, 70®C test conditions. The efficacy of this 
technique is demonstrated in the data contained in table IV, since the CFF value 
changes very little with dramatic variations in measurement conditions. During 
the testing, the panels were allowed to reach thermal equilibrium at or near 
their maximum power point, and Voc was immediately measured at this temperature, 
followed by Isc due to its lesser sensitivity to temperature. 

The concentrator element was also tested for the sensitivity of its output 
to externally applied distortions of its geometry as well as to a full 
deployment. The change in output as a result of the deployment and distortions 
is shown in figure 10. 


CONCLUSIONS 

The objectives of the test program to provide experimental verification of 
LCRSA element performance were successfully met. The analytical prediction of 
output under conditions of normal and off-normal pointing in the terrestrial 
environment was substantiated. This agreement in both magnitude and sensitivity 
tends to validate the analytical models of the LCRSA element. These models can 
then be used with high confidence in the context of a space environment. The 
laboratory test program provided sufficient detail concerning solar cell 
performance to validate the cell models used in the preliminary design. 

The project supervisor at Rockwell International was S. J. Nalbandian. 
Thanks also to Zdenek Backovsky and Edward French, whose support was vital in 
completing the test program and preparing this paper. 
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TABLE I. - LABORATORY TEST PROGRAM SUMMARY 


Silicon and Gallium-Arsenide Individual Solar Cell Testing 

Temperature (®C) 


Intensity (CR) 

Characteristics 

28, 50, 70 


1 

Output 

28, 70 


4 

Output 

28, 70 


6 

Output 

28, 60 


0 

Reverse Bias 

Silicon and Gallium-Arsenide 
Half-Panel Testing 

Temperature (<>C) 

Intensity (CR) 

Ambient (19-21) 

1, 

6 


TABLE II. - NATURAL SUNLIGHT TEST PROGRAM SUMMARY 


Silicon/Silicon and Silicon/Gallium-Arsenide 
Concentrator Element Testing 

Normal-pointing 

Output I, V 

Off-pointing 

Output I, V 

Deployment 

Output I, V 

Distortions 

Output I, V 
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TABLE III. - GOOD AGREEMENT BETWEEN MEASURED AND EXPECTED VALUES OF 
REFERENCE STANDARD OUTPUTS AT ELEVATED CR LEVELS 


CR Level 

Silicon Standard 

Gall ium’^Ar senide St anda r d 

1 

1.000 

1 .000 

4 

0.999 

1.006 

6 

1.006 

1.027 


/ 1 . ISC \ 

/_J_ . I8C \ 


\ CR leal / 

\ CR leal / 


TABLE IV. - MEASURED CURVE FILL FACTOR (CFF) VERSUS INTENSITY 
AND TEMPERATURE VARIATIONS FOR SILICON AND GALLIUM- 


ARSENIDE SOLAR CELLS 

























I % 




-F PC 




QUALITY 






cRse I 

U. DCG. INClOtNCt. rULL CORNCPS. 


Figure 3. - Optical performance - fully reflecting corners (geometric CR = 6.0; reflectivity = 
90 percent) . 


■ - REF. STD- 

• - DEVICE UNDER TEST • - — 

f ♦ 

PULSED XENON SOURCE 
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Figure 4. - Test matrix and experimental setup (schematic) . 
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Figure 5. - Measured performance versus tenperature for gallium-arsenide and silicon solar cells 
Test conditions: CR = 1, AMO corrected. 
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Figure 6. - Measured performance versus flux for gallium-arsenide and silicon solar cells. Te< 
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Figure 7. - Solar cell reverse bias characteristics (28* C, not illuminated). 



Figure 8. - Silicon full-panel and GaAs half-panel output versus pointing error (Table Hountain 
Observatory) . 
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Figure 9. - Element pointing measurement technique. 
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Figure 10. - Silicon half-panel output with hinge distortions. 
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PREFLIGHT STUDY OF SAN MARCO D/L GaAs SOLAR CELL PANELS* 


John H. Day, Jr. 
Goddard Space Flight Center 
Greenbelt, Maryland 


This paper describes, in general, the solar array for the San Marco D/L 
spacecraft and examines, in detail, the performance of 4 GaAs solar cell 
panels of which 2 will be included in the San Marco D/L flight solar array. 
In comparison to the typical Si solar cell panel for San Marco D/L, it is 
shown that each GaAs solar cell panel provides at least 23 percent more 
specific power at maximum output and 28°C. Also described here, are 
several measurements that will be made to evaluate the relative performance 
of Si and GaAs solar cell panels during the San Marco D/L flight. 

INTRODUCTION 

The San Marco D/L spacecraft, which is scheduled for launch in 1984, has a 
power system that consists of a solar array, rechargeable nickel-cadmium 
batteries, power conditioning and control electronics, and the spacecraft 
loads. The solar array consists of 28 panels connected in parallel. The 
panels are mounted inside the spacecraft behind transparent (transmissivity 
= 0.86) mica windows, in lieu of conventional exterior panels so that the 
spinning spacecraft may be aerodynamically suitable for accurate wind 
velocity measurements. As illustrated in figure 1, the windows and their 
respective array panels are positioned around the equator of the spacecraft 
in 2 loops. Each of 26 panels contains 56 2cm by 1cm Si cells connected in 
series. In addition, the San Marco D/L solar array consists of 2 GaAs 
solar cell panels, courtesy of the U.S. Air Force Aero Propulsion 
Laboratory (APL). 


CELL CHARACTERISTICS 

The San Marco D/L GaAs solar cells were fabricated by the APL contractor 
(ref. 1) using their liquid phase expitaxial growth technique (ref. 2) 
which has consistently produced 16 percent to 18 percent air mass zero 
(AMO) efficient GaAs solar cells. In addition to the conventional cell 
layers (substrate, n-doped and p-doped), this GaAs solar cell structure 
includes an (AlGa)As window layer that reduces carrier recombination near 
the GaAs surface to achieve high efficiency. Characteristics of the 
typical San Marco D/L GaAs solar cell are given in Table 1. 


♦The GaAs solar cell panels were supplied by the U.S. Air Force Aero 
Propulsion Laboratory. 
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PANEL STRUCTURE 


A total of 5 GaAs solar cell panels (001, 002, 003, 004, and 005) were 
acquired for San Marco D/L, Panel 003 was used for qualification test 
performed by the manufacturer. The remaining 4 panels, of which 2 will be 
flown, were evaluated at the Goddard Space Flight Center (GSFC). Each GaAs 
solar array panel consists of 28 2cm by 2cm cells connected in series with 
conventional stress-relief interconnect tabs and adhered to a 170.0mm by 
84.3mm micaply insulated aluminum panel, as illustrated in figure 2. 

The 4 GaAs solar cell panels were subjected to a microscopic visual 
inspection for structural defects. No cell on either panel is loose; and 
only 1 cell on panel 001 is displaced from its ideal position in the array, 
as evidence of a repair. However, the cell is securely adhered to the 
panel and adequately shielded by its coverslide. The most persistent 
visible defects on all 4 panels are scratches on the surface of GaAs cells. 
One cell on panel 004 and 3 cells on panel 005 are scratched so deep as to 
suspect a cracked cell. For this reason, panels 001 and 002 were 
recommended to serve as the 2 GaAs flight panels. 

ELECTRICAL PERFORMANCE 

Each GaAs solar cell panel was exposed to 1 solar constant AMO irradiation, 
as simulated by a pulsed Xenon source. The intensity calibration was 
performed with a 2cm by 2cm silicon solar cell (balloon standard) that was 
thermally anchored at 28 C. The current- volt age (I-V) data were acquired 
during the light pulse while external load resistances were switched 
electronically. The I-V parameters that were reported (ref. 3) for the 
typical San Marco D/L Si solar panel are listed in Table 2 along with the 
I-V parameters for each GaAs solar cell panel. Each GaAs solar cell panel 
provides at least 23 percent more power than the typical Si solar cell 
panel at maximum output and 28°C. 

The outputs of 2 solar cell panels (1 Si and 1 GaAs) will be monitored 
aboard San Marco D/L. The operating voltage of each panel will be 
approximately 21. 8 volts which includes 20.5 volts for the regulated bus 
plus a 1.3 volt loss due to wiring and diode resistance. The operating 
current of each panel will depend on sun angle, panel temperature, and 
solar cell radiation damage. The sun angle will vary seasonally between 
+30 and -30 with respect to a normal to the equator of the spinning 
spacecraft. As a part of housekeeping for the attitude control system, the 
sun angle will be measured continuously with an accuracy of +0.25° which 
allows each I-V measurement to be corrected for solar illumination. The 
operating temperature of each panel, according to preflight thermal 
analysis, will vary between -5 C and +45°C. A thermistor is mounted on the 
rear of each of the 2 test panels to provide an accurate temperature 
reading so that all I-V data can be extrapolated to a desired reference 
temperature. 

The San Marco D/L radiation environment will cause the electrical 
performance of the flight solar array to degrade with time. A worst case 
orbit (period, 100 minutes; inclination, 3 degrees; perigee, 290 
kilometers; and apogee, 1400 kilometers) was integrated over the most 
current space radiation models to estimate the multienergetic charged 



particle fluxes that San Marco D/L will experience (ref. 4). Using the 
standard tnethod for calculating solar cell radiation dosage in space 
(ref. 5) for an array panel with infinite rear shielding and .03cm thick 
fused silica front shielding, it is found that each San Marco D/L solar 
cell panel will receive equivalent IMeV elect ro§ fluences of 3.78E+13 
electrons/cm^ for Isc and 4.59E+13 electrons/cm for Voc & Pmax after 18 
months in flight. Degradation factors for the I-V parameters of the 
San Marco D/L Si and GaAs solar cell types have been previously 
characterized as a function of IMeV electron irradiation (ref. 6,7). The 
I-V parameters for each GaAs solar cell panel and the typical Si solar cell 
panel after irradiation are given in Table 3. However, it should be noted 
that the validity of an equivalent electron fluence for GaAs solar cells is 
under scrutiny (ref. 8). Thus, the accuracy of these results are subject 
to flight data verification. The actual degradation in the available power 
from the Si and GaAs test panels during the San Marco D/L flight may be 
compared to degradation factors which resulted from equivalent fluence 
calculations. 


SUMMARY 

Compared with Si solar cells for space applications, GaAs solar cells offer 
more electrical power per array area, especially at elevated array 
temperatures, and less degradation in available electrical power due to 
space radiations. However, the use of GaAs solar cells in space has been 
limited because of low availability, high cost, and the reliability of Si 
solar cell arrays. Previous space flight experiences with GaAs solar cells 
have been as on~board experiments. In contrast, San Marco D/L will utilize 
GaAs solar cells as an essential element in its power system. Thus, a 
successful performance by GaAs solar cell panels throughout the San Marco 
D/L mission would be a significant advancement toward the development of 
reliable GaAs solar arrays for space applications. 
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TABLE 1. - GaAs CELL CHARACTERISTICS 


Property 


Descript ion 


n contact 
substrate layer 
n layer 
p layer 
window layer 
p contact 
AR coating 
peak power 
cell area 
cell thickness 
coverslide thickness 


(Au-Ge-Ni)Ag 
GaAs, Te doped 
GaAs, Sn doped 
GaAs, Be doped 
(AlGa)As, Be doped 
(Au-Zn)Ag 

24.4mW/cm^ 

2cm X 2cm 

.03cm 

.03cm 
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TABLE 2. - I-V PARAMETERS AT 28*> C BEFORE IRRADIATION 


Panel 


I-V 

Parameter 

GaAs 

GaAs 

GaAs 

GaAs 

Si 


001 

002 

004 

005 

Typical 

Isc (A) 

.114 

.116 

.117 

.115 

.086 

Voc (V) 

28.8 

28.7 

29.1 

29.1 

32.1 

Pmax (W) 

2.63 

2.64 

2.70 

2.60 

2.11 

Imp (A) 

.104 

.107 

.107 

.103 

.081 

Vmp (V) 

25.4 

24.6 

25.3 

25.3 

26.2 

Vop (V) 

21.8 

21.8 

21.8 

21.8 

21.8 

lop (A) 

.109 

.112 

.111 

.109 

.085 

Pop (W) 

2.38 

2.43 

2.41 

2.38 

1.86 


I-V 

TABLE 3. - 

I-V PARAMETERS AT 28® C AFTER 
Panel 

IRRADIATION 

Parameter 

GaAs 

001 

GaAs 

002 

GaAs 

004 

GaAs 

005 

Si 

Typical 

Isc (A) 

.111 

.113 

.113 

.112 

.083 

Voc (V) 

28.1 

28.0 

28.4 

28.3 

30.3 

Pmax (W) 

2.53 

2.54 

2.61 

2.51 

1.88 

Imp (A) 

.101 

.104 

.104 

.100 

.077 

Vmp (V) 

25.1 

24.4 

25.0 

25.0 

24.5 

Vop (V) 

21.8 

21.8 

21.8 

21.8 

21.8 

lop (A) 

.106 

.109 

.108 

.106 

.082 

Pop (W) 

2.32 

2.37 

2.35 

2.32 

1.78 


TERMINALS 
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Figure 2. - GaAs solar cell panel configuration. 
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PRELIMINARY SPACE STATION SOLAR ARRAY 
STRUCTURAL DESIGN STUDY 

John T. Dorsey, Harold G. Bush, and Martin M. Mikulas, Jr. 
National Aeronautics and Space Administration 
Langley Research Center 
Hampton, Virginia 


A preliminary design study was conducted to identify structurally efficient ways 
to support the large solar arrays (3,716 (40,000 ft^)) which are currently being 

considered for space station. An erectable truss concept is presented for the on 
orbit construction of winged solar arrays. The means for future growth, maintenance, 
and repair are integrally designed into this concept. Results from parametric 
studies, which highlight the physical and structural differences between various 
configuration options are presented. Consideration is given to both solar blanket 
and hard panel arrays. 


INTRODUCTION 


Now that the Space Transportation System (STS) is fully operational, the 
aerospace community can begin considering projects which, require large structures in 
space. As a result, the possibility of orbiting a permanent U.S. space station by 
the early 1990‘s is receiving increasing attention. (See reference 1.) A system 
consisting of the STS and a permanent space station would permit efficient and con- 
tinuous operation in the space environment. (See reference 2.) 

The space station, like all spacecraft, is subject to a number of factors which 
drive the structural design and are directly related to cost. Any large spacecraft 
which is to be placed in orbit by the STS is subject to at least four design drivers. 
They are; weight, packaging, structural predictability, and technology readiness. 

The first two drivers, weight and packaging, are directly related to restric- 
tions imposed by the shuttle. All payloads must fit within the orbiter bay, a 
cylindrical volume approximately 4.57 m (15 ft) in diameter and 18.3 m (60 ft) long. 
Also, the payload weight must be kept at or under 29,500 kg (65,000 lb), the shuttle 
limit to low Earth orbit (LEO). 

The total space station weight has a direct influence on transportation costs to 
LEO. Since the cost of a shuttle flight is fixed, it is desirable to fully load each 
flight, thus minimizing the cost per pound to orbit. In reference 3, it was shown 
that shuttle transportation costs dominate the spacecraft hardware costs. Thus, it 
is imperative that weight minimization and packaging be emphasized in the spacecraft 
design. 

The space station will be a very large structure with high stiffness require- 
ments for attitude control purposes, but low requirements for strength because of the 
small loads encountered in LEO. Since a large space station cannot be assembled and 
tested on the ground, the issue of structural predictability becomes important. The 
thermal, static and dynamic behavior of the complete space station will be required 
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before it Is placed in orbit and, therefore, must be accurately predicted using 
available computer codes. Test data will be available for some of the space station 
components and can be used to calibrate corresponding analytical models. There 
remains the problem, however, of accurately predicting the behavior of the total 
space station assemblage using a limited amount of test data, and having a high 
level of confidence in the results. Manufacturing structural components such as 
struts, joints and connectors precisely and requiring their assembly with little 
free play will increase the confidence in the accuracy of any analytical structural 
predictions. 

A large amount of on orbit assembly will be required for the space station. 

The various habitat, service, etc. modules must be either structurally connected 
together, or connected to a support truss, and then linked with pressure tunnels. 

The solar arrays and their support structure, support trusses, etc. will have to be 
either erected or deployed once in orbit. 

The decision on whether to use erectable or deployable technology for space 
station will depend on the readiness of each technology at the time a final design 
decision is made. Currently, erectable technology has demonstrated structural pre- 
dictability and is limited only by EVA readiness. Current deployable structures, 
although limited to masts, booms and small antennas, have flown on actual space 
missions. Deployable trusses, however, should be ready by the late 1980' s and thus 
available for a space station. Since, depending on the situation, erectable and 
deployable structures each have certain advantages to offer, it is likely that a 
space station will incorporate a combination of the two technologies. 


INITIAL SPACE STATION CONCEPT 


Figure 1 shows an initial space station study configuration. The space station 
consists of a central collection of logistics, habitat, utility, laboratory and 
docking modules, and two large solar arrays. The arrays are shown mounted to gimbals 
on the sides of a utility module. Gimbaling the solar arrays allows them to follow 
the sun during the orbit while the modules remain Earth pointed at all times. Each 
array is 76.2 m (250 ft) long and 24.4 m (80 ft) wide with a surface area of 1,858 
m^ (20,000 ft^). The total power generated by the two solar arrays is 150 kw at 
the bus bar. 

A characteristic of this design is a very low (on the order of .008 to .012 H,) 
space station fundamental frequency which is driven by the large flexible solar 
wings. Increasing the stiffness of the solar array structure, and thus increasing 
the space station fundamental frequency, is a desirable goal in order to reduce 
^ control system complexity and mass. Therefore, space station/solar array concepts 
were designed which had a fundamental frequency of at least 0.4 Hz. 


INITIAL STUDY CONSIDERATIONS 

One basic space station design requirement being examined by NASA concerns the 
power level. The fully mature station must deliver 150 kw of power at the bus bar 
and thus, would require approximately 3,716 m2 (40,000 ft2) of silicon solar cells. 
Figure 2 summarizes four initial considerations which will also have a direct impact 
on the final space station design and configuration. 
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A space station in low Earth orbit will experience drag forces because of the 

large frontal area of the solar arrays. The total amount of drag experienced by the - 

space station per orbit will be a function of how the solar arrays are oriented with 
respect to the orbital flight path. One option, shown in figure 2a, is to keep the 
arrays sun pointing. For a station flown in this mode, there will be times when the 
arrays are parallel to the flight path, thus exposing a minimum frontal area and in ^ 

a minimum drag configuration, and times when the arrays are perpendicular to the 

flight path, giving maximum frontal area and a maximum drag configuration. Another 
flight mode, keeps the space station in a minimum drag configuration so that the 
solar arrays are always parallel to the flight path (see figure 2a). The quantity 
of fuel required to maintain the proper space station altitude will be a function of 
the drag forces integrated over an entire orbit. 

Kyser (see reference 4) has shown that for a given total amount of power 
generated per orbit, a minimum drag solar array would require 80% more collection 
area than a sun pointing array. Associated with the increased array area would be 
an increased initial space station weight which, in turn, would increase initial 
launch and fabrication costs. 

The total power system weight, however, does not include just the array and 
battery storage weight. It must also include the weight of fuel required to maintain 
the orbital altitude for a particular drag configuration. Figure 3 shows the total 
power system weight (array weight + battery weight + fuel weight) as a function of 
design lifetime for a minimum drag solar array and a sun pointing solar array. The 
initial system weight is approximately 50 percent greater for the minimum drag array 
than it is for the sun pointing array. After a year in orbit the fuel saved by the 
minimum drag array becomes larger than its initial weight gain and the total system 
weights are equal for the two arrays. The predicted savings in orbital weight of a 
minimum drag array is 26,000 kg (57,000 lb, or one shuttle flight) over a 20 year- 
lifetime. The drag issue clearly must be addressed becuase of the large impact it 
will have on the space station structural design. 

The space station stiffness must be considered with respect to the attitude 
control problem. In general, the stiffer a spacecraft, the less massive and complex 
the control system equipment (such as control moment gyros) must be. For this study, 
a fundamental free-free elastic frequency of 0.5 Hz was chosen as a design goal (see 
figure 2b) for the station and solar array structure. 

The solar array technology which will be available for the space station in the 
early 1990's must also be considered in the design process. In this study, it was 
assumed that solar array blanket technology would weigh on the order of 1.1 kg/m^ 
(0.22 Ib/ft^) and hard panels, or concentrator arrays, would weigh approximately 
4.9 kg/m2 (1.0 Ib/ft^) (see figure 2c). 

The final requirement considered in this design study was the modularity and 
growth potential of the concept (see figure 2d). Although the final space station 
configuration will consist of many modules and enough solar arrays to generate 150 kw 
of power, it may be several years before that level is required. The initial space 
station may be of modest size with a very minimum power requirement. However, space” 
station growth, from its initial to final configuration, must be carefully planned 
and integrally designed into the structure from the start. 
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SPACE STATION SOLAR ARRAY CONFIGURATIONS 


j The functional requirements discussed in the previous section form the, basis 

I from which the concepts described in this study were generated. In general, most 
j , attention went into designing the solar array support structure, the arrays them- 
; selves, and how the two might be integrated into a system with growth capability. The 
i space station/solar array concepts which will be discussed cover a range of assump- 

I tions on drag configurations, type of solar array, and structural assembly techno- 

logy. Assessing a variety of different concepts provides the preliminary data needed 
for making decisions concerning the final space station design or configuration. 


Erectable Solar Array Support Structure 

The initial 150 kw space station study configuration had a low fundamental 
frequency because of (1) the extreme length of the large solar array wings, and (2) 
the low stiffness of the coilable longeron truss-beam which deployed and then sup- 
ported the wings. The fundamental frequency can be increased by making the arrays 
shorter and wider, and by increasing the stiffness of the support truss. Since the 
maximum diameter of a coilable longeron beam is limited to less than one meter, this 
deployable truss-beam concept cannot supply adequate stiffness for a large solar 
array. The concept also does not provide the solar array growth potential which is 
requi red. 

The structural approach devised to meet the requirements for stiffness as well 
as modularity and growth is shown in figure 4. The required stiffness of each solar 
array wing is obtained by erecting a large structural backbone truss. Solar blankets 
are deployed off of the truss and, as part of the erection process, are propped at 
their free end by outriggers. Also, the installation of various systems (such as 
power and fluid) can be integrated into the erection process. The erector, in addi- 
tion to providing a maintenance and repair capability, will provide the solar array 
with the means for modular growth. 

Figure 4 also shows details of the solar array and support structure, the 
transition truss, and module with gimbal. The solar array support structure is a 
single laced three longeron beam built with .051 m (2 inch) diameter graphite-epoxy 
tubes. Astronauts, riding a moving erector which runs along the beam interior, would 
erect the triangular beam. The solar arrays, which are either rolled up or folded 
solar blankets, are attached to the top longeron of the truss at one end as shown, 

A deployable mast serves to both deploy the blankets and provide torsional stiffness 
for the arrays. A pair of outriggers extend from hard points on the bottom longeron 
of the truss and connect to the free end of the deployable mast to form a stiff 
, tripod. Similarly, another solar blanket is deployed from the top longeron in the 
opposite direction. One complete section of the solar array (shown in figure 4) 
thus consists of two bays of the triangular truss beam and two 15.2 m (50 ft) by 
10.2 m (33.3 ft) solar blankets with associated support structure. Modularity and 
growth are inherently designed into this solar array so that bays can be added to 
• the free end of the truss beam and more solar blankets deployed. 

The initial space station study configuration gimbaled the solar arrays so that 
they could follow the sun while the modules remained Earth pointed. In the config- 
uration shown in figure 4, the solar arrays are gimbaled from the end of a module 
rather than a side. Now, the full 4.27 m (14 ft) diameter of the module can be used 


185 


as a gimbal race. A transition truss connects the three longerons of the solar array 
truss beam to six points forming a hexagon on the gimbal race. The solar arrays ^ 
rotate about an axis which passes through the center of the module end. Since the 
solar blankets make up most of the solar array weight, the center of mass for the 
array lies on an axis which runs along the top longeron of the triangular truss. In 
order to minimize rotational inertia about the gimbal axis, it is desired to line up 
the center of mass of the solar arrays with the gimbal center of rotation. Thus, the " 
transition truss is used to offset the solar arrays as shown in figure 4. 


Module Cluster - Gimbaled Wing Arrays 

Using the erectable approach, the first configuration studied is shown in figure 
5. The solar arrays in this case are wings 30.5 m (100 ft) wide and 61.0 m (200 ft) 
long, as opposed to 24.4 m (80 ft) by 76.2 m (250 ft) on the original configuration. 
Simply decreasing the length of the solar array serves to increase the fundamental 
frequency of the space station. In the initial study configuration, the solar arrays 
were gimbaled from the side of a utility module. In the design shown in figure 5, a 
space station module is turned sideways and the solar arrays are gimbaled from the 
two ends. The gimbal radius can be made as large as the radius of a module 4.27 m 
(14 ft). A truss serves as the transition structure between the solar arrays and 
the gimbal bearing race on the end of the module as shown in figure 5. 


Module Cluster - Fixed Wing Arrays 

The space station shown in figure 6 is a slight variation on the previous 
configuration, the difference being, that the solar arrays are not gimbaled. It- is 
anticipated that only certain elements such as telescopes, star trackers, or antennas 
need total freedom of pointing. If this is the case, the orientation of the modules 
should not be important and the arrays would not have to be gimbaled, only the few 
devices which require freedom of pointing would. Removing the gimbals removes the 
problems associated with rotating large solar arrays and transmitting power through 
a large rotary joint. 

This arrangement consists of a continuous triangular truss with solar arrays and 
support structure exactly as that described in the previous section. The open sec- 
tion in the middle of the solar arrays measures 4.27 m (14 ft), wide enough for a 
module to be attached end first to the base of the triangular truss. Note that this 
concept can be flown as a sun pointer (the configuration shown in figure 6) in which 
case the modules would point away from the sun. It can also be flown in a minimum 
drag configuration by adding 80% more area to the solar arrays, in which case, the 
modules would always be Earth pointing. In both the gimbaled and fixed array con- 
figurations, the various modules would be connected by tunnels (see figures 5 and 6) 
which have to serve as both a structural and pressure connection. 


Core Platform - Winged Arrays 

A third space station/solar array approach (shown in figure 7) consists of a 
core platform to which three solar arrays are attached. The core platform, a hexa- 
gonal tetrahedral truss, can be either deployed or erected. The platform serves as 
a strong-back to which the various modules can be attached. In this case, the 
tunnels between modules only have to serve as a pressure connection. Since the 
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tunnels are not structural connections, adding or removing modules with this concept 
• is simplified. Up to twelve modules and two berthing adaptors can be attached to 
the 34.1 m (112 ft) platform as shown. Each of the three solar arrays measures 
40.5 m (133 ft) long by 30.5 m (100 ft) wide, and are of the same construction as 
shown in figure 4. 


Platform - Solar Panel and Concentrator Arrays 

Technical or economic reasons may dictate that some type of hard panels or con- 
centrator panels be used for the space station solar arrays. The increased weight 
associated with going from solar blankets to hard solar panels (from 1.1 kg/m2 to 
4.9 kg/m2) requires that a stiffer array support structure be used to give a minimum 
space station frequency of 0.5 Hz. One concept for achieving the desired minimum 
frequency is shown in figure 8. Here, the space station arrangement consists of a 
large planar tetrahedral truss. Although the truss can be deployed, an erectable 
truss shows more promise in terms of modularity and growth potential. The space 
station modules are grouped at the center of the truss platform and the remaining 
truss surface is covered with the hard solar panels. The three platform sizes shown 
in figure 8 are for a 75 kw platform, a 150 kw platform, and a 150 kw minimum drag 
platform. For each of these hard panel arrays, the solar cell efficiency is assumed 
to be equal to that used for the blanket arrays. 


DESIGN SUMMARY 


Structural characteristics of a 150 kw solar array are summarized for five 
different space station configurations in Table I. The platform space stations with 
hard panels are heavier than the configurations with blanket arrays because of the 
increased weight of the hard panels and because of the greater amount of structure 
required to support the hard panels. The part count, or number of struts, is also 
greater because a large area support truss is required. 

The fundamental frequency shown for each concept is the first elastic free-free 
frequency for the total space station. A 91,000 kg (200,000 1b) mass, representing 
the modules, was assumed at the center of each space station arrangement. All of 
the concepts have fundamental frequencies which are acceptable although the concept 
with gimbaled arrays is slightly below the frequency requirement established at the 
beginning of the study. The structural efficiency of a particular concept is 
obtained by dividing the solar array plus support structure weight by the power 
generated (150 kw). 


PRELIMINARY STUDY TRENDS 


In this study, a number of different space station solar array configurations 
• were presented, A set of design requirements were identified and then different 
space station/solar array concepts were developed which met the requirements. 
Analysis of the different configurations identified the following trends: 

— For a given solar collection area, truss platform arrays are 3 to 4 
times stiffer than winged arrays. 
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— Winged arrays provide modular growth capability. 

— Winged arrays with blanket technology are 1/3 as heavy as arrays using 
hard panels. 

-- Winged arrays are compatible with a blanket or panel approach. 

— A minimum drag array configuration has the potential to reduce space 
station life cycle costs and system complexity. 
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TABLE I. - PRELIMINARY DESIGN SUMMARY - 150 kW SOLAR ARRAY 



Module Cluster- 
Gimbaled Wing 
Arrays^ 

Module Cluster- 
Fixed Wing 
Arrays 

Core Platform- 
Winged Arrays^ 

Platform- 
Panel Arrays^ 

Minimum Drag 
Platform- 
Panel Arrays^ 

Array and Support 
Structure Weight, 
kg (lb) 

6,913 (16,240) 

6,868 (15,140) 

7,453 (16,430) 

24,450 (53,900) 

44,000 (97,000) 

Number of Struts^ 

268 

270 

700 

3,900 

7,000 

Strut Length, m 
(ft.) 

5.09 (16.7) 

5.09 (16.7) 

5.09 (16.7)/ 
4.27 (14.0) 

3.66 (12.0) 

3.66 (12.0) 

Fundamental Freq,^ 1 
Hz 

.40 

.55 

I 

.50 

1.5 

.59 

Structural 
Efficiency, 
kg/watt, (Ib/watt) 

.046 (.10) 

j 

.046 (.10) 

.050 (.11) 

0.16 (.36) 



1. Array Area • 3,716ni2 (40,000 ft2) 

Blanket Height = 1.1 kg/m2 (0.22 lb/ft2) 
Panel Weight = 4.9 kg/m2 (l.O ib/ft^) 


2. Array Area • 6,689 m2 (72,000 ft2) 


3. Strut Diameter « .051 m (2 in) 
Strut Modulus = 28. X 10® Pa 

(40. X 106 lb/1n2) 

4. 91,000 kg (200,000 1b) Mass 
assumed at center of station. 
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Figure 1. - Initial 150 kW space station configuration. 



Figure 2. - Initial space station study considerations. 
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Figure 3. - Conparisons of total orbited weights versus design lifetime for two types of 150-kW solar 
power systems: sunpointing and minimum drag (ref. 4). 
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Figure 5. - Module cluster - gintaled wing arrays. 



Figure 6. - Nodule cluster - fixed wing arrays. 








Figure 7. - Core platform - winged arrays. 


150 kw MINIMUM DRAG ARRAY (117.0 m (384 ft) dial 



Figure 8. - Platform - panel /concentrator arrays. 
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DEVELOPMENT AND SUPPORT STRUCTURES FOR HIGH-POWER SOLAR ARRAYS 


Kar1 Knapp 

Astro Research Corporation 


Future space missions will require solar arrays of unprecedented size and efficiency. 
Prior to examining how we might deploy such structures, it is useful to review the large arrays 
that have been deployed in the past or are planned for the near future. The highest power 
array deployed to date, at least in the West, was the 6.2-kW Orbital Workshop array of 
SKYLAB shown in figure 1. The array developed about 6 watts per kilogram. Its twin was 
damaged during launch as a result of the failure of an aerodynamic fairing. The Space 
Telescope dual arrays, illustrated in figure 2, will develop a total of 5.4 kW with a specific 
performance of 24 watts per kilogram. These arrays are unrolled by BI-STEMs (Storable 
Tubular Extendible Member) using a FRUSA configuration. 

The first deliberate attempt to make a step increase in the specific performance of a 
large array was the SEPS design where a prototype hcis demonstrated 66 watts per kilogram for 
a wing-type array of 12.5 kW. The first flight of a similar configuration will be the ESA 
L-SAT arrays, illustrated in figure 3, with each array developing 1.8 kW and 29 watts per 
kilogram. Later expansions of the design will increase the wing power to 3.5 kW and 40 to 45 
watts per kilogram. This design uses a new version of the Astromast, the Supermast, with 
additional battens and diagonals at each half bay length, as shown in figure 4, at the root of 
the deploying column. This configuration produces four times the strength at the same mast 
diameter, although the bending stiffness remains unchanged. 

Astro Research Corporation has been involved for several years in the development of 
deployable structures for very lightweight solar arrays based on the lightweight blanket 
t^hnology being developed by Jet Propulsion Laboratory (JPL). The simple curve shown in 
figure 5 illustrates the importance of providing mass-efficient structures to ensure that the 
low-mass blankets result in high-performance systems. Our work for JPL was initiated using 
the three design cases listed in table 1 and the following ground rules: 

1. Launch compatible with Shuttle 

2. Operation at GEO or from one to three AU 

3. Design modularity and adaptability 

- Wing-like configuration 

- Attachment at rotary joint 

- Baseline 126 m^ area 

4. Minimum constraint on blanket design 

- Separate packaging 

- Blanket nonstructural and uncooperative 

- Small structurally induced temperature variations (less than 5K) 

We were able to develop a number of structurally efficient configurations for wing-type arrays 
by a combination of deepening the planform of the blanket and structure and by partitioning 
the blanket with battens and frequent attachments to the support structure as shown in figure 
6. This technique reduces the tension required to avoid a low natural frequency for the 
blanket, and the load reduction results in a lighter structure. We investigated the use of three 
different structures: the Astromast, the Extendible Support Structure (ESS), and a new beam 



called the STACBEAM (Stacking Triangular Articulated Compact Beam) and compared their 
relative performance. One comparison is shown in figure 7 and table 2. The ESS usually , 
resulted in the lowest mass system since this synchronously deployed structure does not 
require a deployer. However, we have elected to pursue the investigation of the STACBEAM 
because its sequential deployment is more reliable for very long systems, and its linear 
deployment facilitates local attachments to the blanket and the development of a low-mass 
deployer. 

The STACBEAM structure has been developed with singie-degree-of-freedom hinges 
which results in well defined kinematics during deployment. A structural model of the 
STACBEAM, fabricated from graphite/epoxy rods, is shown in figure 8, and an engineering 
model of the deployer is shown in figure 9. The deployer operates in a reciprocating fashion 
while maintaining structural support of the deployed beam at all times. The entire deployer is 
initially stowed in a length that is no longer than the packaged STACBEAM. An improved 
version of the STACBEAM is currently being manufactured with redesigned hinge hardware 
and graphite/epoxy tubes replacing the original rods. 

These solar array structural improvements can be applied to low Earth applications as 
well. Tables 3 and ^ illustrate an example of updating a SEPS-type array for a power module. 

The original design had a natural frequency of less than 0.05 Hz and had to be retracted during 
reboost of the power module or had to withstand firing of the Shuttle primary RCS thrusters. 

A STACBEAM version of this design raises the natural frequency to 0.18 Hz and meets the 
reboost requirement without retraction. For an additional mass penalty, the RCS capability 
can also be incorporated. 

The relative performance of current solar array technology is compared with the 
potential performance of the JPL designs in table 5. The STACBEAM and a new articulated 
version of the Astromast with rigid folding diagonals are shown in figure 10. The previously 
mentioned ESS, which was used to deploy and support the Seasat SAR antenna, is shown in 
figures 11 and 12. This structure, because of its inherent accuracy potential, may prove to be 
appropriate for the support of high concentration solar arrays such as those currently 
described by TRW. 

Some of the primary considerations influencing the design of large solar array structures 

are: 


1. High transportation costs lead to requirements for low mass and good packaging 

2. Mission requirements determine strength and stiffness 

3. Highest costs are associated with engineering activities to establish reliability 

4. Man's intelligence and dexterity should be used appropriately in space 

The high cost of transportation to orbit requires that large arrays be mass efficient and 
have good packaging. Mission requirements will continue to determine needs for strength and « 
stiffness, both of which can normally be obtained by the selection of good structural 
configurations. The highest costs associated with these structures result from the engineering 
activities necessary to establish reliability. To minimize these costs, we must select 
structures whose performance is predictable, design reliable deployers, and, whenever possible, 
make the systems ground testable. In order to create very large arrays for applications such 
as a space station, we should use man's intelligence and dexterity in space in an appropriate 
way. Today's paper from NASA Langley Research Center, for example, shows a rational 
combination of deployable and assembled structures. 
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TABLE 1 

. - DESIGN CASES 



ITEM 

SEP 

DESIGN 1 

DESIGN 2 

design 3 

BLANKET 





AREA 

126 

126 

126 

126 

MASS 

113 kg 

81 kg 

53 kg 

30 kg 

DENSITY 

0.897 kg/m^ 

0.643 kg/m^ 

0.421 kg/m^ 

0.238 kg/m' 

STRUCTURE MASS 

76 kg 

< 54 kg 

< 35 kg 

< 21 kg 

LENGTH/WIDTH 

7.9 

— 

— 

... 

NATURAL FREQUENCY 

0.05 Hz 





TABLE 2. - POINT DESIGNS: 

: ESS DESIGN 2. ASTROHAST. ASTRO STACBEAN 


FREQUENCY = 

0.20 Hz 


DESIGN COMPONENTS 

ESS 

ASTROMAST 

ASTRO STACBEAM 

^BLANKET* ”b1 

53 kg 

53 kg 

53 kg 

^CONTAINER’ ”cONT 

8.1 kg 

8.1 kg 

8.1 kg 

^HARNESS 

4.0 kg 

4.0 kg 

4.0 kg 

BLANKET TENSION 

26 N 

47 N 

24 N 

STRUT DIAMETER 
(WALL) 

0.68 cm 
(0.50 mm) 

0.35 cm 

0.31 cm 

BAY LENGTH (DIAMETER) 

1.65 m 

(0.70 m) 

0.45 m 

^BEAM 

9.0 kg 

4.1 kg 

10.0 kg 

”depl MECH 

4.5 kg 

38.8 kg 

8 kg 

^ACTUATOR 

2.6 kg 

4.7 kg 

2.4 kg 

”gUIDE CABLES’ V 

0.5 kg 

0.5 kg 

0.5 kg 

^BATTENS 

0.9 kg 

0.7 kg 

0.9 kg 

^STANDOFFS 

0.5 kg 

0.5 kg 

0.5 kg 

SYSTEM MASS 

83.1 kg 

114.4 kg 

87.4 kg 
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TABLE 3. - POWER SYSTEH ORBITAL LOADS 

REBOOST 

• FOUR THRUSTERS AT 137 N EACH 

• MASS (FF-O) = 12,400 kg 

• ACCELERATION = 0.058 m/s^ 

PRIMARY REACTION CONTROL 

• ONE PAIR OF ROLL CONTROL THRUSTERS AT 3880 N EACH 

• LOCATED 3.35 m FROM CENTERLINE 

• ROLL MOMENT OF INERTIA (SORTIE) = 2.76 x 10^ kg-m^ 

• ANGULAR ACCELERATION = 0.0094 rad/s^ 

BENDING MOMENT 

• NOMINAL MASS (~ UNIFORMLY DISTRIBUTED) = 400 kg 

• LENGTH = 40 m 

• DESIGN LOAD FACTOR = 3 

• DESIGN MOMENT = 1400 N-m (REBOOST) 

= 6000 N-m (PRIMARY RCS) 

TABLE 4 - EXAMPLE DESIGNS: 40-m-L0NG POWER SYSTEM WING 

DEPLOYED CAPABILITY 


ITEM 

REBOOST 

PRIMARY RCS 

• STACBEAM 

BAY LENGTH 

0.6 m 

0.8 m 

STRUT SIZE 

11 mm 00 X 1.5 mm WALL 

18 mm OD X 3 mm WALL 

STRENGTH 

1404 N-m 

8400 N-m 

c o 

El 

2.66 X 10® N-m^ 

15.0 X 10® N-m^ 

STOWED LENGTH 

1.50 m 

1.80 m 

MASS (K=2) 

77.3 kg 

244.1 kg 

• BLANKET AND HARNESS 

TENSION (10 INTERVALS) 

147 N 

588 N 

MASS 

315.1 kg 

315.1 kg 

• OTHER MASSES (BUDGETARY) 

BATTEN, STANDOFFS, ETC. 

11.3 kg 

11.3 kg 

CANISTER 

80.4 kg 

253.8 kg 

CONTAINER 

48.2 kg 

48.2 kg 

• TOTAL MASS 

532.3 kg 

872.5 kg 

• CANTILEVER FREQUENCY 

0.18 Hz 

0.36 Hz 
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TABIC 5. - CXMNPIC OF l€DItM-POUER S(XAR AMIAYS 

HARDWARE 

SKYtAB (1973 PL16HT) ORBITW. «OR(CSW, 12.5 kW. 5.9 «/kg 
SPACE TELESCOPE. S.4 kU TOTAL, 24 «/kg. .m Hz 
SEPS (SAFE), 12.5 kW PER WIi«l, 66 H/kg, .05 Hz 
L-SAT (OLYMPUS), 1.8 kH PER WING, 29 W/kg, .13 Hz 

PROTOTYPE 

Oa/ASTRO, 20 kW PER MINS. 150 W/kg. .20 Hz (B.O.L. GEO) 

ADVANCED 

Ja/ASTRO, 22.6 kW PER WING. 265 W/kg, .20 Hz (B.O.L. GEO) 
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Fl^ire 2. - Space Telescope 


Figure 3. - 01j(iV«s 
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Figure 4. - Large diameter (0.75-m) Supermast model, 20 feet long. 



Structure-blanket mass ratio, •'"g/n'gj 


Figure 5. - Effect of structural mass on array specific power. 
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Figure 8. - Deployed STACBEW 


STACK OF A LONGER BOOM 
CAN COMPLETELY FILL THE 
VOLUME OF THE PACKASED 
DEPLOYER. 


Figure 9. - Deployer for deployable STAC8EAH 



(b) STACIE (Stac^lim Triansutar Ariiculated Compact Bean} 


10. - npi booms, all slngteHtev'meHaf-frmedom M 







figure It. - Extendible stfiport structure (ESS) for Seasat synthetic aperture radar antenna 
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PANEL FABRICATION UTILIZING GaAs SOLAR CELLS 

N. Mardesich 
Spectrolab, Inc. 

Sylmar, California 


Just within reach lies the availability of GaAs solar cells for space applica- 
tions. Although the cell cost is at a premium today, fabrication of panels 
utilizing GaAs cells is essential. This paper describes the recent activities 
at Spectrolab in the fabrication of GaAs solar panels. 

We have recently fabricated a number of panels while introducing improved quality 
control, soldering laydown and testing procedures. These panels include LIPS II, 
San Marco Satellite, and a low concentration panel for Rockwell's evaluation. 

This paper will discuss these panels and their present status. 

INTRODUCTION 

The success or failure of further space missions may depend upon the availability 
of GaAs solar panels. The need for small panel programs to develop the necessary 
understanding and experience is essential for future missions. Spectrolab has 
recently fabricated a number of GaAs panels under three contracts. 

During the panel fabrication, problem areas such as cell contact integrity and 
soldering techniques have been identified and resolved. Process control and 
documentation have been established during these programs to ensure reproduction 
of the product. 

The manufacturing problems and techniques for fabricating the LIPS II, San Marco 
and Rockwell concentrator panels are described in the following sections. 

PROCESS CONTROL 

The process control Implemented on the GaAs solar panels manufactured at Spectro- 
lab were the same as those used for silicon panel fabrication. The receiving 
Inspection consisted of electrical tests and contact integrity tests for cells 
from Hughes Research Laboratories (HRL). The circuit assembly controls that were 
Implemented consisted of substrate inspection, insulation test, bonded panel 
inspection, electrical performance and thermal cycling. 

PANEL FABRICATION 

The process flow for GaAs panel fabrication is shown below, 
o Incoming cell inspection and testing 
o Cell filtering 
o Assembly testing and matching 
o Parallel circuit soldering 


o Sub-circuit testing and matching 
o Series circuit soldering 
o Shunt testing 
o Substrate insulation 
o Circuit bonding 
o Prewire and harness assembly 
o Panel wiring 

o Panel inspection and rework 
o Pre-ATP electrical test 
o Rework 

o ATP electrical test 
o Environmental test 

o Post environmental electrical test and inspection 
o Packing and shipping 


TESTING 

A number of electrical and mechanical tests were conducted to ensure reliable 
panel performance. The cell testing included current vs. voltage measurement at 
AMO and 28®C, using a Spectrolab X-25 simulator setup with GaAs balloon standard 
80-130. The contact integrity tests consisted of a tape peel test and a soldered 
tab pull test. 

Panel testing utilized a shunt test to Identify shorted cells prior to substrate 
bonding. Electrical tests (AMO, 28*’C) on the LAPSS simulator were calibrated 
® silicon second standard 1052. The environmental test Involved thermal 
cycling in accordance with the customer's requirements. 

LIPS II 

The LIPS II panel consisted of three circuits of 2 cm x 2 cm GaAs cells, which had 
cells in parallel and 25 in series mounted on the same substrate. The back 
side of the panel had two circuits of 2 cm x 6 cm silicon cells and 52 cells in 
series. Table 1 lists the mission requirement and the basic panel design. 

Gallium Arsenide cells received from HRL were electrically tested and evaluated 
for contact integrity by Spectrolab. The electrical evaluation indicated a 
slightly lower power than values measured at HRL. The contact integrity evalua- 
tion Indicated good tape pull test but variable 45® tab pull test. The major dif- 
ficulty with tape pull test was the fracturing of cells during the test. During 


the tab pull test portions of the front P contact had high strength, while 

* sections of the same cell had low strength. A minimum of 100 grams on two tabs 
for two cells per lot was selected as the pull strength necessary for panel fabri- 
cation and panel Integrity. Some lots passed these Integrity tests while others 
failed the A5* tab pull test for the front P contact. Filtering and soldering of 
the parallel subcircuits resulted In good yield with minimum problems associated 

* with shunted cells due to the latter process. The contact Integrity of the front P 
contact proved to be a major problem. Many tabs on both the passed and rejected 
lots were lifted and required rework. Cells with lifted tabs that would degrade 
the electrical performance of the panel were replaced and others were conformal 
coated to prevent external stresses from being applied to the cell’s contact. 

The electrical I-V trace for the GaAs panel at 30"C and AMO Is shown In Figure 1. 
This actual value Is questionable since silicon standard 1052 was used to calibrate 
the LAPSS. The Intensity appears to be 6X lower than later, more reliable test 
results have Indicated. The panel Is presently being evaluated In orbit. 

SAN MARCO 

The experience gained In the manufacturing of the LIPS panel proved Invaluable In 
establishing quality control for the San Marco panel. Since front P contact Inte- 
grity proved to be the major problem associated with panel fabrication, HRL under- 
took an effort to Improve contact Integrity. The results of the effort were very 
encouraging and produced cells which consistently had pull strengths from 150 to 
800 grams. This proved to be sufficient for panel fabrication. High quality 
panels were produced with the Implementation of Improved contact, efficient solder- 
ing and handling techniques developed during the fabrication of the San Marco 
panels. 

The San Marco panels consisted of five panels with 28 — 2 cm x 2 cm GaAs cells 
soldered in series. Table 1 lists the mission requirements and the panel design. 

The electrical I-V characteristics for a typical panel at 28®C and AMO is shown In 
Figure 2. The panels were also tested at NASA-Goddard (ref. 1) and appeared to be 
about 6% higher than the value at Spectrolab, Figure 2. This discrepancy is under- 
standable since the LAPSS at both facilities were calibrated with silicon standards. 

ROCKWELL CONCENTRATOR PANEL 

The most recent GaAs panel fabricated at Spectrolab was a small engineering concen- 
trator panel for Rockwell International, Inc. This panel proved to be the least 
difficult and fabrication was completed with few problems. The cells were spe- 
cially designed at HRL to provide maximum power at 5 to 10 sun concentration by 
forming deeper junctions and thicker window layers. During fabrication only one 

^ cell required rework, due to an edge chip. 

The Rockwell concentrator panel consisted of two circuits using 2 cm x 2 cm GaAs 
cells. The first circuit was three cells in parallel and ten in series, and the 
second was two cells In parallel and ten In series. Table 1 lists the basic panel 

* requirements for the engineering panel. The electrical I-V characteristics of this 
concentrator panel was measured by two methods. The first method employed a 
silicon standard for calibrating the LAPSS, Figure 3, as performed for the San 
Marco panel. The second method used a hand-held GaAs standard for calibration of 
the LAPSS which was calibrated with a JPL balloon flown standard 80-130, Figure 
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3. The I-V characteristics of the panel when calibrated with the GaAs standard 
proved to be approximately 6% higher than the measurement with the silicon 
standard. 

CONCLUSIONS 

The process control and fabrication techniques recently developed have allowed 
Spectrolab to provide reliable high quality GaAs solar panels. The initial LIPS 
panel had problems associated with contact integrity, soldering and testing. 

The contact Integrity and soldering problems were resolved during the fabrication 
of the five San Marco panels. The electrical characteristics were not resolved 
until the Rockwell panel had been manufactured. The electrical I-V characteris- 
tics of the LIPS and San Marco panels appear to be approximately 6% lower when 
tested with a LAPSS system calibrated with a silicon 1052 standard rather than 
with a GaAs standard. 
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TABLE 1. - GaAs PANEL (MNUFACTURING 

GaAs PANEL MANUFACTURING 


PROGRAM: 

LIPS II 

Orbit 

600 nm, 60° inc . 

Tliermal 

-20°C to +60°C 

Panel Size (inches) 

12.75 X 2k X 0.25 

Substrate Type 

Aluminum Honeycomb 

►J Insulation 

Mi caply 

UJ 

^ Bonding Adhesive 

RTV-511 

< Interconnects 


fr- (soldered) 

Ag Plated Kovar 

Panel Power (AMO) 

24.6 W (3 30°C 

Number of Cells/ 


Panel 

300 each 

Number of Panels 


Manufactured 

1 each 

Circuit Configuration 

k? X 25S X 3 Ckts 

Solar Cell Size 

2 X 2 cm 

Cell Thickness 

0.014“ 



j AR Coating 

Ta^O, 

Covorglass 

FS 35(1 limR 

Adhesive 

93-500 

Cell (on Panel) 

15.5? 0 30°C 


SAN MARCO 

ROCKWELL 

600 nm. Circular 

Engineering Evaluation 

-*40°C to +40°C 

-100°C to 150°C 

3.24 X 6.69 X 0.050 

15.10 X 7.17 X .032 

Aluminum Sheet 

Aluminum Sheet 

MIcaply 

Kapton 

93-500 

93-500 

Ag Plated Moly 

Ag Plated Kovar 

2.63 W (? 28°C 

4.37 W @ 28‘'c 

28 each 

50 each 

5 each & Oual 

1 each 

28S 

2P X lOS + 3P X lOS 

2 X 2 cm 

2 X 2 cm 

0.014“ 

0.014“ 

T3203 


FS 350 VJinR 

FS 350 pmR 12 mils 

93-500 

93-500 

16.5% (9 28”c 

16.45? (3 19"c (.1 6X) 
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Figure 2. - Current-voltage curves for 
San Harco. 



Figure 3. - Current voltage curves for 
Rockwell concentrator. 
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TRANSPARENT ARRAYS - PROGRESS TOWARD 
HIGHER EFFICIENCY 

G. 3 . Pack 

Lockheed Missiles & Space Company, Inc. 
Sunnyvale, California 


Principles and design considerations of IR transparent solar arrays are discussed. This work is an out- 
growth of studies carried on at LMSC to optimize the performance of flexible solar arrays. As a result, 
measured solar absorptance as low as as = 0.59 has been achieved leading to a predicted BOL power density 
of 182.7 = W/m^. Advanced array concepts, system level cascaded panels, and transparent rigid panels are 
proposed and expected benefits discussed. 


BACKGROUND 

Flexible solar arrays are being developed for NASA and DoD missions through the 1990 s. Figure 1 
shows a typical example of the general configuration. The key mechanical features of this type of design are 
a thin, non-rigid membrane to which the solar ceUs are attached, a containment unit for stowage and protec- 
tion during launch, and a deployment device to extend and tension the array on orbit. While on orbit, the 
only loads which the blanket is subject to are tensile and inertial. Because strength considerations are mini- 
mal and freQuency response is driven by design of the mast, a large variety of materials are available for use 
w ithin the blanket. In addition, more emphasis can be given to other performance parameters in the choice 
of those materials. 

Operating temperature is one of the variables which affects the array power to a large extent. A flexible 
array is an inherently simple thermal system with few adjustable parameters. The most important parameter 
which c?" be varied to reduce the operating temperature (figure 2) and thereby incre^e the system efficiency 
is the solar absorptance. Figure 3 shows a normalized solar spectrum and a typic^ silicon cell response curve. 
There are three distinct thermal regions shown. Thermal loading due to radiation shorter than 0.3S|i is re- 
flected by a multilayer dielectric stack on the cover. Incident radiation between 0.3Sii s X ^ 1.0^ interacts 
with the silicon to produce power. Radiation longer than l.Op penetrates into the cell and interacts with the 
back surface. 

Since approximately 25 Vo of the solar energy is contained within the 1 .0|i ^ X s 4.0p region, absorption « 
in this band should be minimized. Conventional solar ceU designs, shown in figure 4, attempt to minimize 
absorption in this region by depositing an aluminum reflector layer on the back surface. Practical consider- 
ations limit the effectiveness of this approach in reducing as. Several factors influence the disposition of 
energy in the IR. Figure 5 shows the effect on reflectance (and absorptance) of a back surface field. In addi- . 
tion, surface roughness, contact sintering and reflector material all contribute to absorption. 


* This work has been and is being funded by NASA-MFSC and LMSC Independent Development Project. 
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These problems can be eliminated and total absorptance substantially reduced by gridding the back con- 
tact and taking advantage of the inherent transparency of silicon. This introduces another variable or degree 
* of freedom in the array design process. In order to take advantage of the cell transparency, all the materials 
in the optical path must also be chosen with low absorptance and high transmittance. Components affected 
include the cover, adhesives and the substrate. Most of the materials currently used in solar arrays already 
partially satisfy the requirements for an IR transparent array. 

PROGRESS 

Progress has been made in developing a transparent array design using flight qualified materials. Figure 6 
shows second generation gridded cells from both ASEC and SPL. Maximum measured efficiencies of 13.7% 
have been obtained with lOO-cm P+ cells and 13.4% with 2S^-cm cells. The minimum solar absorptance 
measured to date is c = 0.60 on the 2f^cm cells. Reflectance and transmittance measurements shown in 
figure 7 tend to verify the approach. 

Substrate development has also started for an IR transparent array. Preliminary design and development 
has centered on an interconnect pattern retaining the Kapton blanket as a carrier. The baseline Kapton/ 
polyester blanket material has fair performance as an IR transparent material and was mainly retained due 
to the considerable experience at LMSC in using it for flexible arrays. 

Several alternate approaches utilizing transparency as a design element are also being pursued. Figure 8 
shows a completed development module using 021 1 microsheet as a load carrying superstrate. This module is 
the initial- venture into a larger class of transparent, rigid panels. Significant cost reductions and perfor- 
mance improvements are expected as a result of this type of approach. 

In order to quantify the beneHts of the previously discussed designs, cost and performance estimates 
have been made on proposed systems incorporating them. Figure 9 shows the results of a cost study on a 
25 kW array for three different constructions and four cell sizes. 

The most important results of this study are the trend toward substantially lower cost with increasing cell 
size and the significant cost reduction achieved by incorporating transparency into the design. Figure 10 shows 
some cell designs which could substantiate the model assumptions. 

Comparison of transparent planar systems with concentrator designs is also of interest to NASA. Fig- 
ure 11 shows a comparison of the results of three current large array studies sponsored by NASA-MSFC. 

The final approach to be considered is a system level cascaded panel. Significant effort has been ex- 
panded in recent years on the development of component level cascaded designs. Major technical challenges 
involved in growing layers with different lattice constants and matched currents have rendered production of 
a practical device an elusive goal. From a system level view point, a two-terminal component is unnecessary. 
, By producing two different cells and using a two-bus architecture, the advantages of a cascaded system 
should be available as a near term option. Preliminary analysis of this type of system indicates efficiencies of 
24% should be attainable. 


CONCLUSIONS 

Highly transparent gridded back contact cells have the potential to increase the power output of planar 
aways by approximately 15%. Preliminary measurements on prototype components verify that high effi- 
ciency, gridded back contact cells can be produced. Progress is being made in integrating these calls into an 
IR transparent system. 
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Figure 2. - Predicted thermal performance versus a. 
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Figure 3. - Normalized solar spectrun and cell spectral response. 



Figu’-e 4. - Large area back surface reflector solar cells. 
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Figure 5. - Spectral reflectance versus wavelength (varying Boron doping). 
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PARAMETER 


LMSC 

PLANAR 


ROCKWELL 

LOWCR 


TRW 
HIGH CR 


CELL TYPE 

GRIDDED BACK Si 

GaAs 

GaAs 

SOLAR ABSORPTANCE 

0.62 

0.75 


OPERATING TEMP. (*C) 

20 

116 

85 

EFFICIENCY AT T (op) 

13.4% 

(12.8 at28'C) 

15% 

(18% at 28*0) 

20% 

OPTICAL EFFICIENCY 

1.0 

0.77 

0.55 (0.81) 

PACKING FACTOR 

0.90 

0.825 

0.83^^^ 

WIRING AND DIODE DROPS 

0.97 

0.99 

0.97 

CELL MISMATCH 

0.98 

0.99 

0.98 

OFF POINTING 

1.0 

1.0 

0.98 

BOL ARRAY POWER (W/m^) 

155 (220)^^ 

133 

115^^ 160 

SPECIFIC POWER (W/l«) 

144 

41 

20^®^ 28 

RECURRING COST ($/W) 

100 

166 

100-150 

DESIGN LIFETIME (YRS) 

15 

10 

5 

ORBIT 

250 mni 60° 

270 nml 28.5° 

235 nml 57° 

CELL DEGRADATION 

0.96 

? 

0.95 

EOL ARRAY POWER 

149 

? 

109 152 


NOTES: (A) PREDICTED MAXIMUM EFFICIENCY 

(B) CALCULATED BY LMSC FROM LISTED DATA 

(C) PACKING FACTOR AND EDGE EFFECTS 

(D) PROJECTED POWER DENSITY USING GRIDDED BACK GaAs 


Figure 11. - Performance comparison. 
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THE NASA WELDING ASSESSMENT PROGRAM* 

John Scott-Monck 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 

John Bozek 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 


This paper discusses the background and status of the NASA welding assess- 
ment program. The various approaches taken by those organizations involved 
in this effort are described along with the test program that has been initi- 
ated. 


INTRODUCTION 

For over a decade the potential cost and performance advantages of welding 
have been understood but ignored by solar panel manufactures in the U. S. 
Although NASA, DOD and COMSAT have supported welding development efforts, 
soldering remains the only U.S. space qualified method for interconnecting 
solar cells. The primary reason for this situation is that no U.S. satellite 
prime contractor has found it necessary, due to mission requirements, to 
abandon the space proven (low risk) soldering process. It now appears that 
the proposed NASA Space Station program will provide an array requirement, 
namely ten year operation in a low earth orbital environment, that mandates 
welding. Anticipating this demand, NASA has initiated a program to assess 
the status of welding technology in the U.S. 


PROGRAM BACKGROUND 

The NASA Lewis Research Center was charged with the responsibility to carry 
out the program. A survey of U.S. industry capability was made. This infor- # 

mation was combined with inputs from potential users, such as DOD, to develop 
a plan to bring welding technology to flight readiness. The plan addressed 
existing (silicon) and projected (GaAs) solar array components. 


* The research described in this paper presents the results of one phase of 
research carried out by the Jet Propulsion Laboratory, California Institute 
of Technology, under contract with the National Aeronautics and Space Admini- 
stration. 
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A key element of this plan was the determination of the current status of 
U*S« welding technology. In order to expediently obtain this information it 
was decided to modify a number of existing NASA-JPL blanket development 
programs to incorporate this objective. This was done and four of the five 
major U. S. solar array manufacturers were involved in this effort. 


PROGRAM APPROACH 

Each. participant provided a number of coupons and modules for evaluation and 
testing. These samples represented each organization's current approach to 
the requirements given, namely a welded, flexible substrate array capable 
of operating for ten years in a low eatth orbit environment. In addition 
soldered modules were provided by each organization. The test modules 
(welded and soldered) were to be evaluated by subjecting them to thermal 
cycling over the temperature range between -80 and +80 + 5®C. 

Figure 1 describes the modules (welded and soldered) that were fabricated 
for the thermal cycling tests. It can be seen that there are many areas 
where there is a significant difference in approach. The choice of welding 
technique, interconnect material, solar cell and substrate are valid examples 
of the divergent options available from U.S. panel manufacturers. 

Three welded and one soldered module were then subjected to thermal cycling 
testing at each organization's facility. In one case two organizations 
(Hughes Aircraft and Spectrolab) shared the test chamber. Two tests are 
being performed using a dry nitrogen environment, while the other (TRW) is 
being conducted in thermal vacuum. The initial test was limited to twelve 
thousand cycles, equivalent to two years in a low earth orbit. Electrical 
tests and visual inspections are made periodically to determine the status 
of the modules. 


RESULTS AND CONCLUSIONS 


At the request of one participant (IUSC), thermal cycling was suspended at 
five thousand cycles in order to allow a second source of the advanced cell 
(5.9 X 5.9cm wraparound contact) they had selected to be included in this 
assessment. The other tests have now exceeded nine thousand cycles with no 
significant electrical or mechanical degradation. If these encouraging 
results are confirmed at the twelve thousand cycle point, testing will be 
continued to thirty thousand cycles with electrical and visual inspections 
performed after each six thousand cycle increment. 

The NASA welding assessment program has provided U.S. industry with a unique 
opportunity to directly compare welding to soldering. This series of tests 
involving nearly every U.S. manufacturer of solar arrays in a common test 
program will hopefully resolve the conjecture that a welded joint is inherently 
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more resistant to thermal induced failure than one formed by soldering. This 
program has already demonstrated that there is a wide variation in U. S. 
opinion on the elements that constitute a reliable welded interconnect 
system for flexible blanket applications in a low earth orbital environment. 
Data obtained to date indicates that there is no significant difference 
between the various approaches taken to welding. Further testing will be 
needed in order to determine if the wide variety of welding options offer a 
suitable solution to the requirement that a solar array be capable of 
operating for ten years in a low earth orbital environment. 
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HIGH SPEED, LOW COST, LEO-THERMAL-CYCLING FACILITY 

R. E. Hart, Jr., and L. G. Sidorak 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 


Thermal cycling facilities have been constructed for years with various design 
criteria. Some were designed to duplicate as closely as possible the 
conditions a cell or module would encounter while in orbit about the earth. 

For example, a typical facility to perform this type of cycling was a large 
vacuum system with liquid nitrogen cooled walls. The cells were heated by an 
AMO spectrum solar simulator, then a shutter was closed allowing the cells to 
give up their heat to the cold walls. This system was good at duplicating the 
orbital conditions but was slow and very costly to operate. 

Other systems used a gas atmosphere and heated the cells with radiant heat and 
cooled the cells by moving them into close proximity to a cola plate. These 
systems greatly increased the cycle times. Still, other systems moved the 
heating and cooling atmosphere into and out of the test areas and were able to 
achieve reasonable cycle rates. However, all these systems are expensive to 
operate. 

This paper describes the design and operation of a low cost, high rate thermal 
cycling facility designed for LEO conditions. 


experimental 


Critical design features of this thermal-cycling facility include the ability 
to cycle cells or modules over a range of *80 C, considered appropriate for a 
low earth orbit and a nitrogen gas atmosphere for heat transfer and 
temperature control. This atmosphere also ensures that possible oxygen and 
water contamination are kept to a minimum. 


Because the mass of the solar cell modules or cells themselves greatly affect 
cycle time, we decided to build a facility to accept cells mounted on thin 
Kapton or plastic sheets or cells fastened onto wires. The modules on Kapton 
substrates are spring loaded to allow for some movement during 
cycles. Therefore, the ends of the Kapton are clamped to ensure that the 
tension is spread evenly over the width of the module. 


Although early experiments using a dipping facility showed that high rates of 
temperature change could be obtained when a cell is wnnid 

nitrogen, the rate of change was felt to be too severe. A 
be to use a cold chamber filled with nitrogen gas to obtain acceptably high 
rates of cooling. The cells are moved from this cool environment into a 
heated chamber. This approach requires heating and cooling of 
cells/modules and their frames. With these changes, we believed high cycle 
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rates could be obtained experimentally. 


Figure 1 is a drawing of the cycling chamber showing both front view and side 
views. The front view shows the chamber divided into two parts by an 
insulated shelf. The lower compartment is cooled to -110*C with liquid 
nitrogen or at least the cold gas injected onto the floor of the compartment. 
Most of the exhaust gases are expelled just below the insulated shelf, 
removing the warmest gases from the chamber. Some gas seeps into the upper 
chamber and flushes out all the air by way of small openings in the top. The 
upper compartment is heated to +110"C with two 500 watt strip heaters mounted 
in chimney-like fixtures on either side. Also shown are four frames which 
slide in guides in half-inch wide openings in the shelf. Each frame 
independently slides back and forth between the two compartments. A 1-1/2 
inch wide flange on each end of the frame seals the compartment on both the up 
and down strokes. The side view shows how the frames are moved using an air 
drive and a lever arrangement on each frame. The connecting tube serves two 
purposes, one to move the frame and second, to furnish a way for the 
thermocouples and other wiring to exit the chamber. This also helps keep 
wires from one frame getting caught in another. 

Figure 2 is a picture of a module mounted in its frame. The frame has an 
opening with 9x10 inches of usable modules mounting area. This particular 
module, mounted on a Kapton substrate, is supported by steel clamps. The 
upper clamp is wired directly to the frame at the top and the lower clamp is 
spring loaded to the bottom. The springs pull with a total force of 20 grams 
per centimeter width, including the weight of the lower clamp. 

Figure 3 is a picture of the thermal cycling facility, including two 
refrigerators and the rack of necessary electronics. The refrigerators are 
placed underneath a hood which removes all the exhausted nitrogen gas and any 
other odors escaping from the boxes. 

The electronics rack on the right includes a basic language, desk top 
computer. A computer was chosen for control because of its flexibility of 
controlling instruments, processing data, performing functions, displaying 
data and outputting data as a function of time. 

The voltmeter measures all thermocouples, module resistances and voltages if 
required. The scanner sweeps all inputs and performs control functions on 
command, such as operating heaters, liquid nitrogen valves and all air drives. 

The temperature regulator at the top of the rack senses the temperature of the 
upper compartment. If the system overheats, the regulator shuts down the 
entire system. 


¥ 

RESULTS 


By controlling the lower compartment temperature to -110*C and the upper » 

compartment to +110 C and setting the cycle limits to ±78*C, cell temperatures 
of *80 C were achieved on four frames having single cells mounted in the 
center of each. Each frame completed more than 1000 cycles in a twenty-four 
hour period or less than 1.4 min. /cycle. 
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Liquid nitrogen consumption for the same period was less than 150 liters and 
electrical consumption by the two 500 watt heaters was about 12 kilowatt-hours. 

Figure 4 is a bar plot showing the symmetry of a typical thermal cycle with 
limits of +100*C and -115*0. Even with the additional temperature range, we 
were able to maintain rates of less than 1.3 minutes per cycle on a bare cell 
mounted in the center of the frame. The printer prints a permanent record 
during the test. 

This facility has completed tests on four solar cell modules mounted on 
Kapton. This test had a duration of 20,000 cycles between +80’C and -115“C - 
a range more severe than was originally required. Even with this greater 
temperature range, more than 600 cycles/day were obtained. 


quality 


CONCLUSION 


We believe this nigh speed (greater than 1000 cycles per day), low cost (less 
than $12,000 for equipment), economical (150 liters of liquid nitrogen and 
12,000 watts of electricity per day), shows this system to be a functional and 
dependable system for studying failure mechanisms in solar array 
interconnections. 

Its versatility in extending the operational temperature range has also been 
demonstrated. 



FRONT VIEW 


8IDE VIEW 


Figure 1. - Thermal cycling chamber. 
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Figure 3. - Thermal cycling facility. 
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IHPROVED TECHNIQUES OF PARALLEL GAP WELDING AND MONITORING 

N. Mardesich and N. S. Glllanders 
Spectrolab, Inc. 

Sylmar, California 


Recent activities in the space solar panel market have shown an increasing inter- 
est in welded solar circuits. Spectrolab is presently developing a manufactur- 
ing system which monitors and controls the fabrication of parallel gap welding 
circuits utilizing an infrared detector. 

This paper will outline the basic manufacturing and control system and describes 
the utilization of Acoustic Microscopy as the non-destructive technique for 
evaluating weld integrity. A number of different cell types, including GaAs , 
have been evaluated using parallel gap welding. Status of welded panels which 
have been built and are under evaluation will be reported. 

INTRODUCTION 

The trend in American industry today is to mass-produce products with the aid 
of automated equipment. Spectrolab has been developing a parallel gap welding 
system that can effectively reduce labor time necessary to assemble silicon 
solar cell circuits. The welded circuits have the added advantage over soldered 
circuits in that they are capable of withstanding higher temperatures. The goal 
that Spectrolab has set for itself is to reliably assemble solar cell circuits 
using a parallel gap welded system that controls the welding temperature while 
the temperature is monitored and recorded. An additional goal that Spectrolab 
is interested in achieving is a non-destructive post-weld technique for evaluat- 
ing weld integrity. 

This paper addresses the recent activities at Spectrolab in the fabrication of 
welded circuit and panel assemblies. Spectrolab has manufactured reliable solar 
cell circuits utilizing parallel gap welding monitored by a thermal monitoring 
system. These circuits and panels were manufactured for environmental tests 
such as thermal cycling. Test results to date have indicated that these panels 
have undergone environmental tests with very good results. Table 1 is a list of 
the three panel programs Spectrolab has recently been involved with. 


Spectrolab has also been interested in evaluating the welding of GaAs cells for 
the future space solar panel market. This program has recently been initiated 
and only limited results are available. 

EQUIPMENT 

The equipment utilized for parallel gap welding interconnection onto solar cells 
is basically the same as that used for soldered interconnections. This equipment 
consists of a printed circuit weld station (Hughes Model HPC— 500) which utilizes ^ 

the MCW— 550 constant voltage welding power supply and the VTA— 66 parallel gap 
weld head. The circuits are aligned under the weld head with a Hughes Model HXY 
012D XY Table. The position of the cell is maintained with vacuum while the 
welding is performed. 
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^ The weld temperature is monitored with the aid of a Vanzetti Thermal Monitoring 
System. This system measures the temperature of the weld tip/interconnect area 
with an IR detector which displays the temperature by LED’s. The weld integrity 
is measured with a Unitek Micropull Tester by pulling the tab at 45 degrees. 

* PROCESS CONTROL 

It is imperative to control the welding operation to ensure product consistency. 
The welded interconnects cannot be visually inspected for integrity after weld- 
ing, therefore in-process controls must be Implemented. The parallel gap welding 
equipment has a built-in control that maintains power and controls duration. 

The variation in weld tip condition will vary the voltage through the inter- 
connection/cell contact area and change weld temperature. By dressing the weld 
tip periodically the weld conditions can be maintained constant. 

An experiment was performed to determine the variation of weld temperature when 
the weld tips were dressed every four welds. The temperature of the interconnec- 
tion/weld tip area was monitored with a Vanzetti Thermal Monitor and indicated 
that the P welds reached a temperature of 740 + 25®C. The variation in tempera- 
ture was due more to drifting of the monitor’s position rather than the welding 
temperature. The 45 degree pull strength of the monitored cells on a sample 
basis varied from 740 to 1300 grams with the average being 864 grams. This 
monitoring procedure is a very good method of ensuring in-process control. 

Spectrolab is planning on using the Vanzetti Thermal Monitor system as a weld 
duration controller. The system will monitor the temperature and allow a con- 
stant voltage to be applied to the interconnect/cell contact until a pre-set 
temperature is reached, at which time the voltage is dropped to zero. The 
temperature will be recorded by a computer and cells will be selected at random 
for tab pull test. The temperature controller /monitor , along with destructive 
tests, will ensure product consistency. 

In addition to the destructive contact pull test control, Spectrolab is evaluat- 
ing the use of non-destructive contact integrity techniques. One of these methods 
is with the use of a post-weld reflection acoustic microscopy (ref. 1). The 
microscopic technique utilizes water as a transfer media and obtains acoustic 
material signature which characterizes the material of interest. An acoustic 
image of the cell/interconnect interface can be obtained by the selection of the 
proper node. The acoustic image can be compared with the optical image to deter- 
mine the area of good weld integrity and verify reliability of the product. 

ESTEC PANEL 

^ The European Space Agency, through its European Space Research and Technology 
Centre (ESTEC) was interested in the state-of-the-art lightweight welded solar 
panel which could withstand geostationary or low earth orbits. They planned to 
subject the panels to two accelerated thermal cycling 3000 cycles which ranged 

^ from +130 to -180®C in five-minute durations for the deep thermal cycles (geo- 
stationary) and medium thermal cycles (low) environment, 20,000 cycles which 
ranged from +100 to -100®C in two-minute durations. 

This environment appeared challenging and Spectrolab offered to manufacture a 
28.cmx25 cm graphite reinforced Kapton panel. This panel was to consist of 4 
parallel by 10 series circuits made from 2 cm x 6 cm, 100 micron BSF/BSR cells 
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with 50 micron CMS filter glass. The cells were to be parallel gap welded to- ^ 

gether with 25 micron Invar interconnects with 5 micron silver plating. The 
circuit was to be bonded with R-2568 adhesive. 

The interconnect design is given in Figure 1. Silver plated Invar was selected 
because of its weldability and its close thermal expansion match to that of 
silicon. In plane stress relief loops were incorporated in the design to mini- 
mize stress on the back P welds. Two welds were made on each pad (six per cell) 
which minimizes the torsional stress on the weld areas. The parallel gap welding 
of the cells did not present and major problems. The rework on a circuit level 
did not present complications and rework was not required on the panel level. 

A few problems did occur during the performance of the contract which stemmed 
from the use of 50 micron CMS filters. The filters had a very long lead time 
and did not arrive on schedule. Ten percent of the filters arrived fractured 
and handling was difficult. The yield of cell/interconnect/cover (CIC) assem- 
blies was poor (approximately 75%) due to the fragility of the covers. 

The I-V characteristic of the panel is given in Figure 2. The power of the panel 
was 8.5 watts (AMO, 28®C) with an average cell efficiency of 12.7% on the panel. 

HAC/JPL CIRCUITS 

NASA-Lewis was interested in evaluating the state-of-the-art techniques in weld- 
ing and funded a program with JPL and Hughes Aircraft Company (HAC). Under this 
program Spectrolab would provide cells to HAC for ultrasonic welding. Welded 
and soldered circuits were also provided for bonding to a Kevlar fabric. 

The circuits consisted of 3 parallel by 3 series, 2 cm x 4 cm, 200 micron BSF/BSR 
cells with 150 micron fused silica covers. The selected interconnects were 
silver plated Invar, similar to those used for the ESTEC panel except one weld 
pad was removed. A total of 10 circuits (six welded and four soldered) were pro- 
vided for evaluation. Two of the six welded panels required rework due to frac- 
tured cells. The circuit was readily repaired by fracturing the back P weld and 
replacing the cell. 

A typical I-V characteristic curve for a circuit is given in Figure 3. The power 
of the circuit was 1.5 watts (AMO 28®C) with an average cell efficiency of 14.5%. 
These bonded circuits have recently undergone a thermal cycle treatment of +80 to 
-80®C for 12,000 cycles with no indication of visual or electrical change. 

RCA PANEL 

RCA was interested in evaluating welded panels for a special program. Spectrolab ^ 
would provide two 2 parallel by 3 series circuits for preliminary evaluation and 
a 5 parallel by 10 series panel for testing. 

The cells used to manufacture these circuits and panel were 2 cm x 4 cm, 250 ^ 

micron 2 ohm-cm, BSR components. The silver plated Invar interconnects (the 
same interconnects used on the HAC/JPL circuits) were used to assemble the 
circuits. The W- welds were monitored with a Vanzetti Thermal System and indi- 
cated that the interconnect /weld tip interface reached 610®C. The 45 degree pull 
strength for the N+ contacts was 250 to 750 grams with an average of 450 grams, 
where the 250 gram sample pulled silicon from the cell. During the P contact 
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welding the thermal monitor was used to determine the temperature fluctuation of 
the interconnect/weld tip interface during welding. The monitor indicated a 
temperature of 740 + 25®C for over 150 welds performed. The pull strength of the 
contacts on a sample basis was 740 to 1300 grams with an average of 864 grams. 
These welded circuits were then bonded to an aluminum honeycomb substrate without 
filters. 

The electrical I-V characteristic of the 5 x 10 panel is given in Figure 4, The 
power of the circuit was 7.53 watts (AMO, 28®C) with an average cell efficiency 
of 13,6%, The mechanical integrity of the panel was excellent with no sign of 
peeling or delamination. 


GaAs WELDING 

Recently, limited effort of welding GaAs solar cells has proven fruitful. With 
the use of 25 micron silver interconnects we have been able to reliably weld onto 
the P and N contacts. The 45 degree pull strength of these contacts was 250 
grams. An extensive program into the welding and panel fabrication of GaAs solar 
cells is necessary to provide the industry with reliable information. Spectrolab 
will be pursuing this effort on a limited basis. 

CONCLUSION 

The work performed on the recent welding programs have shown that the parallel 
gap welding performed at Spectrolab is a reliable process. As more monitoring, 
controls and non-destructive testing is Incorporated into the process, the more 
reliable and cost effective parallel gap welding becomes. The positive results 
obtained from the panel fabrication techniques and HAC thermal cycling test indi- 
cate reliable product integrity. Presently our production personnel are heavily 
involved in designing and building automated type tooling and fixturing for weld- 
ing in production. 
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TABLE 1 . - RECENT WELDEO-PANEL NANUFACTURIN6 


PROCRAM 

ESTKC 

IIAC/.JPI. 

KCA 

MISSION 

THERMAL CYCLE 

THERMAL CYCf.E 

IUNKNOWN TESTS 


+130 to -180°C (3,000) 
+100 to -100"C (20,000) 

+80 to -80"<; 0 2,000) 

Unknown Tests 

Panel Size (cm) 

28 X 23 cm 

12.7 X 8.3 cm 

23.5 X 21 cm 

Substrate Type 

Kapton/Craphlte 

Circuit Only 

Aluminum Honeycomb 

Insulation 

Kapton 

- 

Kapton 

Bonding Adhesive 

■ R-2568 

- 

R-2568 

Interconnects 

Silver Plated Invar 

Silver Plated Invar 

Silver Plated Invar 

Panel Power (AMO) 

8.3 W 0 28"c 

1.5 W @ 28°C 

7.53 W, .89 W 

Number of CeJls/Panel 

AO each 

9 each 

50 ea , 6 ea 

Number of Panels 
Manufactured 

1 Each 

6 Each 

1, Ea, 2 Ea 

t:ircuit Configuration 

AP X lOS 

3P X JS 

5P X lOS, 2P X 3S 

Solar Cell Type 

10 U~cm K6.75 

10 -A-cm, K6.75 

2 u-cm, KA.75 

Solar Cell Size 

2 X 6 cm 

2 X A cm 

2 X A cm 

(;el 1 Thickness 

O.OOA" 

0.008" 

O.OlO" 

AH Coating 

Dua 1 AR 

Dual AR 

Dual AR 

Coverglass 

0.002" CMS 

0.006" FS 

None 

Adhes ive 

93-500 

93-500 


Cell I) (on Panel) 

12.7% @ 28“c 

IA.5% 0 28*^0 

13.6%, 13. A% (!? 28°C 
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Figure 1. - Interconnect design 
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Figure 2. - Current-voltage characteristic 
of ESTEC panel . 


HAC/JPL CIRCUIT 

Ijc • 1.33 .V»s 
• 1.S6 Volts 

j ■ 1.5 Watts i 2!®C 


i 

1 



Figure 3. - Current-voltage characteristic 
of HAC/JPL panel . 



Figure 4. - Current-voltage characteristic 
of RCA panel . 


^84 29342 


^ ELECTROCHEMICAL STORAGE 

Lawrence H. Thaller 

National Aeronautics and Space Administration 
Lewis Research Center 

a Cleveland, Ohio 

The storage function of an overall power system Is usually performed by a 
battery. In the strictest sense, a battery Is an assembly of Individual 
single cells. They are grouped In serles/parallel arrangements to provide the 
required voltage, power, and storage capacity of the mission at hand. 

Batteries are somewhat notorious for being cantankerous In nature and have 
been the source of much worry and consternation. Since storage cannot 
presently be eliminated as an Integral part of a complete power system, a 
number of Imaginative solutions, accommodations, and compromises have been 
suggested, tested, and used over the years In flight spacecraft. In any group 
associated with the design of spacecraft there Is a subgroup responsible for 
the battery. Sometimes these Individuals are electrical engineers by 
training, sometimes they are chemists, mechanical engineers, etc. 

Interestingly the solutions that are put forth In response to the cantankerous 
nature of the battery depend very heavily on the background of the Individual 
trying to solve the problem. The emphasis of this presentation will be on 
electrochemical solutions to the problem. 

The nonelectrochemist might be described as one who does not know what 
goes on Inside the wall of the cell. The electrochemist does -Indeed know what 
goes on Inside a cell, but for the most part does not know why. Both groups 
therefore have their work cut out for them. The material to be presented here 
will first describe the source of the problem, which Is In part related to the 
stochastic properties of cell populations and In part related to the actual 
electrochemistry and chemistry taking place within the single cell. The 
complications that can arise 1n multicell batteries will then be described to 
set the stage to show how different electrochemistries might alleviate or 
arrentuate these problems. The concept of the electrochemical system will be 
Introduced to show how certain shortcomings of the single cell/battery string 
concept can be circumvented. In fact some of these electrochemical systems 
will permit performance characteristics that would simply be Impossible using 
conventional battery design philosophies. The final topic to be addressed 
will be some projections In terms of energy density and performance 
characteristics of the concepts you have been hearing about over the years but 
have yet to see come Into practice. 


A 
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SOLAR ARRAY - PLASMA INTERACTIONS 
Carolyn K. Purvis 

National Aeronautics and Space Administration 
Lewis Research Center 

Cleveland, Ohio » 


Interactions between space systems and their orbital particle and field 
environments can have significant Impact on the systems' operation and life. 
Interactions such as radiation damage and aerodynamic drag, for example, must 
be considered In designing any space system. There are, however, a number of . 
orbital environmental Interactions which become Important design consider- 
ations only for large or high-power systems. Their Impact must be assessed to 
ensure successful design. In particular. Interactions between higher voltage 
solar arrays and the space plasma are of critical concern In designing large 
orbital photovoltaic power systems. 

Most U.S. spacecraft have used low-voltage solar arrays, generating power 
at about 30 V. The highest voltage array flown by NASA to date was on Skylab, 
which had a solar array with a normal operating voltage of 70 V that generated 
16 kW of power. Large future systems will require Increasing power-generating 
capability. As power levels Increase, the penalties for maintaining low solar 
array voltages become prohibitive and make higher voltage array designs 
mandatory. It Is thus necessary to thoroughly understand high-voltage solar 
array operation In the space plasma environment. 

Solar array systems consist of strings of solar cells with metallic 
Interconnects between them. These Interconnects are at voltages depending on 
their positions In the array circuit and are usually exposed to the space 
environment. When such systems are placed In orbit, they will Interact with 
the naturally occurring space plasma. Two types of potentially hazardous 
Interactions to a higher voltage solar array In orbit are presently 
recognized: power loss from parasitic currents through the plasma; and 

arcing. Both of these Interactions are plasma density dependent and present 
greater hazards at higher densities. The low-temperature Ionospheric plasma 
has a peak density (of 10^ partlcles/cm^) at about 300-km altitude. High- 
voltage system - plasma Interactions will therefore be most severe In low 
Earth orbits. 

Interactions between higher voltage solar arrays and orbital plasma 
environments are being studied as part of the Joint NASA/AF Spacecraft- 
Environment Interactions Investigation. This ground technology program 
comprises ground testing, modeling of the environment and the phenomena, 4 

development and validation of system level models, and materials 
characterization and development. Outputs Include design guidelines and test 
specifications. Spaceflight data are required to ensure that the phenomena 
observed In ground testing also occur In orbit, to examine conditions not ^ 

obtainable In ground facilities, and to validate the models. Two small-scale 
experiments have been flown, and a series of more comprehensive shuttle-based 
experiments Is proposed, focused specifically on solar array - plasma 
Interactions and their Impact on array performance In low Earth orbit. 
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SPACE STATION 


A. F. Forestlerl 
Space Station Task Force 
NASA Headquarters 
Washington, O.C. 


The United States Space Station - Is it just over the horizon of the "Final 
Frontier?" In addition to the major question of "Is there a Space Station 
in NASA's future" there are many other questions frequently asked. For 
example: Why is a Space Station needed? What will it cost? What can it 

do? and When will it be ready? The Space Station Task Force was 
established by NASA Administrator James Beggs in May of 1982 in order to 
answer these questions and to provide focus and direction for Space Station 
planning activities. In addition, the Task Force is to provide Congress 
and the Administration with sufficient information to allow them to make an 
Informed decision on whether the United States should proceed with a Space 
Station as the next major national initiative in space. 

This paper will discuss the questions listed above and will present current 
thinking on selected issues, planning guidelines, unique considerations and 
organization. 


INTRODUCTION 

The next logical step in space for America is to develop a Space Station 
that would provide a permanent presence in orbit around the Earth. With 
such a facility, space would become a medium for manned operations ~ 
enhancing our security, advancing our technology, and adding to our 
scientific knowledge. 

NASA believes that such a Space Station could be built and placed in orbit 
by 1990. Such a facility, together with the Space Shuttle, would 
A dramatically improve our capabilities to operate in space for both civil and 

military purposes. With the Space Shuttle, America has an unrivaled tool 
for the practical use of space. Conceived originally with a Space Station 
in mind, Columbia and her sister ships could routinely deliver payload 
^ after payload to the Station. New crews, needed supplies, and new 

instruments could all be shuttled to and from the Station as required. No 
longer limited by stay time in orbit, or by one-time payload limitations, 
the astronauts could operate in space efficiently and extensively. 
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In all probability, were such a program to be approved, NASA would start 
out with a small, modest facility permanently orbiting the Earth. In time, 
units would be added on increasing the utility and versatility of the Space 
Station. Such an approach holds down costs while allowing the initial step 
to be useful in its own right. A commitment to a permanently orbiting Space 
Station needs to be made soon if we are to have a facility in orbit by the 
end of this decade. And such a Space Station m.ust be built if we are to 
maintain the position of leadership in space so convincingly demonstrated — 
in the past by Apollo - and now, most recently, by the flights of Columbia. 
This position no longer goes unchallenged. Space has become competitive. 
The Europeans have developed a workable, efficient launch vehicle called 
Arianne and are building satellites that match ours in complexity and 
sophistication. The Soviets have demonstrated their intent to continue an 
aggressive space program. The Japanese too are demonstrating a rapidly 
growing interest in space with programs in both launch vehicles and 
satellites. The Space Shuttle still gives us the edge. No one has 
anything quite like it. But alone, the Shuttle will not enable the United 
States to realize the full potential of space. Only a Space Station, 
permanently orbiting the Earth, can do that. It is, as Jim Beggs the NASA 
Administrator says, the next logical step. 


SPACE STATION PLANNING 


The United States strategy for manned space flight (Figure 1) began in the 
early 1960's with the pioneer missions Mercury and Gemini. Exploration of 
space continued with Apollo, and the demonstration of space operations 
feasibility was shown with Sky lab. Routine access of space began with the 
advent of the Shuttle in the 1980's. Permanent utilization of space, or a 
Space Station, will begin in the 1990's and go on beyond the year 2000. 

The Space Station Task Force was established by NASA Administrator James 
Beggs in May of 1982 to provide focus and direction for Space Station 
planning activities (Figure 2). The Task Force will also define possible 
Space Station initiatives, including mission requirements, architectural 
options and trade studies, and also develop management and acquisition 
plans. In order to make these activities an Agency-wide effort, the Task 
Force is staffed by senior level individuals from NASA Field Centers and 
Headquarters. Figure 3 shows the current NASA organizational elements of 
the Space Station Task Force in more detail. The Task Force reports to the 
Associate Deputy Administrator. The Task Force, the Office of Space 
Tracking and Data Systems, the Office of Space Science and Application, the 
Office of Aeronautics and Space Technology, and the Office of Space Flight 
are all members of the Space Station Steering Committee chaired by the 
Associate Deputy Administrator. Prior to the creation of the Task Force, 
NASA formed a Space Station Technology Steering Committee to access 
technologies relevant to a Space Station in the 1990 time frame. This Space 
Station Technology Steering Committee supports the Office of Aeronautics 
and Space Technology and is an advisor to the Space Station Task Force. An 
Advanced Programs Office likewise supports the Office of Space Flight. 



Figure 4 lists statements from the White House and the President on 
July 4, 1982. The major points are 1) to continue to explore the 
requirements, operational concepts, and technology associated with 
permanent space facilities and 2) establish a more permanent presence in 
space. Three key points in the NASA Space Station definition are to be 
noted. As listed in Figure 5, they are 1) NASA has under way a modest 

® planning effort to define a possible Space Station, 2) adequate Space 

Station definition is essential if Congress and the Administration are to 
be able to make an informed decision on whether the United States should 
proceed with a Station as the next major national initiative in space, and 
3) the planning should be consistent with and support the President's 
National Space Policy. Figure 6 indicates the Space Station planning 
approach to the definition task. The Task Force now has NASA Centers 
onboard. The Technology Steering Committee is at work and preliminary 
systems definiton concept development has begun. Later the concept will be 
defined, mission requirements will be well understood, and the management 
plan will be in place. This will all take place so that systems are well 
understood, technology is reliable, and cost and schedule estimates are 
real. This will lead to an informed decision on the nature of the 
development program. 

Figure 7 lists several reasons why there should be a Space Station. 

Primary reasons are to stimulate the development of advanced technologies, 
develop fully the commercial potential of space, and provide a versatile 
efficient system for space science and applications. Because of the 
potential size of the Space Station program, there are a number of issues 
proposed in Figure 8 as potential lower cost alternatives to the Space 
Station. None of the issues have as yet proved to be effective. A number 
of unique technical and programmatic considerations are listed in Figure 9. 
For example, on the technical side there is regular on-orbit maintenance 
and repair, development, test, and upgrading of new systems components in 
operational situations, extensive EVA, and common hardware and spares 
development. The programmatic side includes extensive and continued user 
involvement, proper mix of man and machine, and maximum NASA in— house 
participation. On this last point. Agency-wide participation, the breadth 
of the program includes substantive involvement by all NASA installations. 
The program is more than an extension of previous manned spaceflight 
programs. Its success is critically dependent upon involvement of the 
science and applications communities as well as technologies generated by 
the research centers. Thus, all NASA Installations have been involved 
through representation on the Space Station Task Force and Task Force 
working groups. While the program does appear to have potential for 
substantive involvement across the Agency , this prospect poses an 
unprecedented management challenge. 

* The Space Station is a multi-purpose facility. Several functions of the 

Space Station are listed in Figure 10. Thus far, 25 to 35 major functions 
are being considered. 
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As a laboratory the Space Station would; 

provide for extended observations of the land and oceans for 
civil-economic, scientific, or national security purposes 
where man's presence for data integration, instrument 
selection and adjustment or overall system maintenance is 
important. 

significantly reduce the cost and time required by private 
interests to carry out the precursor research necessary to 
reach sound business decisions to invest in commerical space 
processing. 

support national security missions where man's presence 
contributes to mission effectiveness or where research will 
lead to the definition of new missions. 

As an operations base the Space Station would: 

provide for fueling and launch of orbitally based propulsive 
stages, significantly increasing our capability to place 
satellites in geosynchronous orbit as well as to maneuver in 
low earth orbit. 

serve as a construction base for assembly and/or erection of 
large systems such as antennas, energy collectors. Imaging 
systems, or other civil or military structures too large for 
launch directly from earth. 

— provide a base for maintenance and servicing of free-flying 
unmanned satellites . 

The initial architecture concept for the Space Station system is 
schematically shown is Figure 11. The manned base is made up of several 
modules. The Habitat module primarily provides for those crew functions 
that can be classified as off duty in nature, private crew quarters, gallery, 
war room, health maintenance or exercise facility, etc. The Docking Hub or 
Multiple Berthing Adapter is fundamentally a coupling device which provides 
the means for Space Station modules to be interconnected. The Utility 
Module provides the Space Station electrical power, communication, data 
processing, attitude control, and orbit reboost. 

This module also has a thermal control/radiator system to reject heat from 
the utility module equipment and possible equipment in other Station 
modules; Growth elements include Experiments Modules, Logistics Module, 
and Orbital Transfer Vehicle support. A number of unmanned platforms are 
also associated with the Space Station architecture. 


The top level management and engineering related planning guidelines are 
shown in Figure 12. In particular, as stated earlier, NASA-wide 
participation is one of the management-related functions. Others include 
initial operating capability in 1991 and cost of the initial capability 
between 7% and 9 billion dollars. Engineering— related guidelines include 
continuously habitable. Shuttle dependent, and evolutionary. 

Advanced technologies are needed if the Space Station goals are to be met. 
As a result, a Space Station Advanced Development Program has been planned. 
This program will provide needed advanced technology to support an 
evolutionary Space Station and provide the test bed capabilities needed in 
key technology areas such as power, life support, and data management. 

Other objectives and the approach to the advanced development activities 
are shown in Figure 13. The major technology issues are listed in Figure 
14. The ultimate aim is to achieve low life cycle cost with technology 
optimized designs. Again, evolution is a prime factor, as are autonomy and 
technology transparency. Some of the technology challenges are listed in 
Figure 15. This audience is primarily interested in high capacity 
electrical power generation, especially concentrated gallium arsenide 
arrays, regenerative fuel cells and nuclear systems. Because of the large 
solar arrays required for the Space Station, less distributed power 
systems, such as nuclear, are being closely analyzed. 

Figure 16 shows how several different discipline subsystems are closely 
integrated. For example, in a photovoltaic array, a number of subsystems 
such as thermal, attitude control, structures, and on-board propulsion are 
closely dependent on the power subsystem. Finally, a first cut at the 
capabxlities of a Space Station is shown in Figure 17. The initial power 
system is 60 kilowatts to the customer with an additional 15 kilowatts for 
housekeeping functions. The total 75 kilowatts on the bus would require 
in excess of a 200 kilowatt array. 

In summary, the Space Station program holds potential for focusing the 
National civilian space program and preserving U.S. preeminence. ‘ It also 
POS6S d UnxqUc uiciud.^ciii«£uL Lu ulic « Tlic ^uLc:iiLj!.ux Tui.’ 

Agency-wide and international involvement is high. 
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Figure 1. - U.S. strategy for manned spaceflight. 


o Established in May, 1982 by tha NASA Administrator 
oNASA-wida activity: Csntars and Haadquartsra 
oRaporta to NASA Associate Deputy Administrator 


• Provide focus and direction for the agency's space station 
ptonnifiQ sctiviti^i 

•Define posalbis apece station Mtietive 
- mission requireme nts 
• archhectural options 


-"advanced development" 

- concept development ("systems engineering") 
• Develop menagement/ecquWtion plena 

Figure 2. - NASA Space Station task force. 
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Figure 3. - Current NASA elements of Space Station task force. 


"UNITED STATES GOVERNMENT PROGRAMS SHALL CONTINUE A 
BALANCED STRATEGY OF RESEARCH, DEVELOPMENT OPERATIONS, 

AND EXPLORATION FOR SCIENCE, APPLICATIONS AND TECHNOLOGY. 

THE KEY OBJECTIVES OF THESE PROGRAMS ARE TO (3) CONTINUE TO 

EXPLORE THE REQUIREMENTS. OPERATIONAL CONCEPTS, AND TECHNOLOGY 
ASSOCIATED WITH PERMANENT SPACE FACILITIES.*' 

WHITE HOUSE FACT SHEET 
NATIONAL SPACE POUCY 
JULY4.1M2 


"BEGINNING WITH THE NEXT FLIGHT, THE COLUMBIA AND HER SISTER 
SHIPS WIU BE FULLY OPERATIONAL AND READY TO PROVIDE 
ECONOMICAL AND ROUTINE ACCESS TO SPACE FOR SCIENTIFIC EXPLORA- 
TION, COMMERCIAL VENTURES AND FOR TASKS RELATED TO THE 
NATIONAL SECURITY. SIMULTANEOUSLY, WE MUST LOOK AGGRESSIVELY 
TO THE FUTURE BY DEMONSTRATING THE POTENTIAL OP THE SHUTTLE 
AND ESTABU8HING A MORE PERMANENT PRESENCE IN SPACE." 

PRESIDENT RONALD REAOAN 
DRYDEN FUOHT RESEARCH FACILITY 
JULY 4. m2 


Figure 4. - Statements on permanent space facility. 
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e NASA hat undanway a modatt planning affbrt to dafina a poniMo 
tpaca station. 

o Adaquatt tpaca station dafinition it attantial if Congrats and tht 
Administration ara to ba aUa to maka an informad dacition on 
whathar lha Unitad Statat should prooaad with a station as tha 
naxt major national initiativa in spooa. 

o Our planning it oontittant with and supports tha Prasidant's 
National Spaoa Policy in which a key objacthm is " to continue 
to axplora tha raquiramanis. operational co n c ept s , and technology 
attociatad with parmanant tpaca faciUtias." 


Figure 5. - NASA definition of Space Station: three key points. 



uahomto 




Figure 6. - Space Station planning: approach to definition. 
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• ENSURE CIVIL LEADERSHIP IN SPACE DURING THE SUCH 
LEADERSHIP IS DEFINED AS PREEMINENCE IN SPACE SCIENCE AND 
APPLICATIONS, IN SPACE TECHNOLOGY. AND IN MANNED SPACE FLIGHT 

• STIMULATE DEVELOPMENT OF ADVANCED TECHNOLOGIES 

• DEVELOP FULLY THE COMMERCIAL POTENTIAL OF SPACE 

• PROVIDE A VERSATILE, EFFICIENT SYSTEM FOR SPACE SCIENCE AND 
APPLICATIONS 

• COUPLE MATURING INTERNATIONAL SPACE PROGRAMS TO U.8. SPACE 
SYSTEMS, AND PROVIDE A VEHICLE FOR INTERNATIONAL COOPERATION 
IN SPACE 

• FUNCTION MORE EFFICIENTLY IN SPACE. BUILDING UPON PREVIOUS 
NATIONAL INVESTMENTS 

• INCREASE PRESTIGE ABROAD AND PRIDE AT HOME 

• ENHANCE NATIONAL SECURITY 

• STIMULATE INTEREST IN SCIENTIFIC AND TECHNICAL EDUCATION 

• PROVIDE CONTINUITY AND FOCUS TO THE NATION'S CIVILIAN SPACE 
PROGRAM 


Figure 7. - Reasons for Space Station. 


MSUE COMMENT 

• Ext^ndMl orbhm CoNtly to rafurblNh ond opomto orbitor. Inofflciont. Iom copobit 

• Unmannod mbofi Won*t OMurt loBdorahip. Iom eopoblo 


• UnroHoblo coat and 

•ehodulo MtImatM Extonaivo. iip-lront dafbiMon w* provida raHabla aatimataa 

• Crowd out aetoffica funda Spoca acianca proaparad wHb ApoNo. Shuttla fufida would not 

hova boon appropriaiad for acianca. Sdanea. Rka atatlon. muat 
win 0MB and Conpraaalonal approval on own marlti 


• Mot naadad for apaca adanca Not aaaontlal for currant apaca acianca program, but would ba 

an affaedva Byatam for tha futura. anabling aoma adonoa now 
^ not poaalbla 


• Not naadad for dafanaa Station would aarva dvM raqulramanta. Ukaly that DOD would 

conduct B and 0 aboard a NASA atadon 

S Sovlat Sdyut atadon amplova 
aacond^ata tachnotogy and 

rapraaanta no throat Seviat apaca program la growing quandtativaly and QudHadvdy. 

Sdyut and Us a u cca aaora ara throat to U.S. laadorahip In apaca 

Figure 8. - Lower cost alternatives to Space Station. 
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TECHNICAL 

» Htguly oiHorbit fwiiw tt nanM and rtpiir 

• Evolutionary •tomanto. modu4« and aomoonanti 

o Davalopfuant, taat and uoi^adwif of now vyataioi/ 
oompenono in oparationol tittMtion 

• DiatriMod ECLS/COMS tyflMm 

• Extantiva EVA 

t Common hardwora/ftparai davaiopman t 
o Four wai^ and ahopa eonatrainti 
o Oporationol autonomy 


raOORAMMATIC 

o Continiaoui, aaoliAionary pao^am 

o Extantlva and aontinuoin uam inwoinaiwant 

o F^opar mix of man and amrtiina 

a Moximuni NASA inhouaa ponioipoiion 

a Now prOGixamant ttratapiai/taolinniuai duo 
to timaraiatad oomplaxity of propram 

a D iieie t a aN m a n ttAyttawa an all ha manofamant 
toSadmrad 

a Continyaui uM of NASA*t copabditiai 

a t.owor oott par utMintion hour from lonpar 
•Ha on orbit 

a Lowar coat dua to conanon It a rdwa ra and aparai 
a Coat of iniiial eapobHitv laat than Ihuttta and Apollo 


Figure 9. - Space Station unique considerations. 


a On-orbit laboratory 

— Science end epplications 
— Technology end edvenced development 
a Permanent observatory(a) 
a Transportation node 
a Servicing facility 
— Free flyers 

tti ■tdjT-roiJU 

pisnoffns 

a Communications aitd data processing node 
a Manufacturing facility 

• Assembly facility a 

n Storage depot 

A space station is a multi-purpose facility 

Figure 10. - Functions of Space Station. 
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Figure 11. - A Space Station architecture: cluster concepts. 
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• OpotadonaEy autonomoMo 

• Uaar fMandly 


Figure 12. - Space Station planning guidelines. 
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OBJfcnvit 

• d«v*lop "tMt bad" capabWtlM along mo|or auteystam > 

diadplinaa to avahiata tadinology and aatimala riak 

• provida tha "tranafar function" for now taehnoioav into 
ttta apaca atsdon davalopmant progiwn 

• provida tachnology optlona to pro g ram managa r 

• aatabllah a quaWlad aubcontraetor cadra for ayatam 
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Figure 13. - Space Station planning: advanced development activities. 
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Figure 14. - Space Station planning: major technology issues. 
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Information ayatama 
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Cryogenic fluid managamant 
Thermal managamant 
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Figure 17. - Space Station: first cut at capabilities 
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HIGH-EFFICIENCY CONVENTIONAL CELLS WORKSHOP 

9 John C. C. Fan 

Massachusetts Institute of Technology 
Lexington, Massachusetts 


The High-Efficiency Conventional Cells Workshop considered primarily Si and 
GaAs cells. The majority of participants were Interested in the GaAs cells. The 
discussion was lively. 

In Si cells, the beglnning-of-life (BOL) efficiency, which is currently 

between 15 and 16Z AMO is not a major problem, and does not require much additional 
research effort. There are, however, still research efforts needed to improve the 
end-of-llfe (EOL) efficiency for Si cells. 

In <^Aa cells, the research and technology development direction must stress 
the basic potential advantages of GaAs over Si — higher conversion efficiency, 
higher absorption coefficients and thus thinner layers, and more radiation 

resistant* 

With these goals in mind, GaAs BOL efficiency should be brought up to about 
20% at AMO. Currently, 19% cells at AMO have been obtained. Using various 

advanced concepts such as multibandgap windows, or instead of GaAs, Gai_xAlxAs 

or GaAsi_xPx cells with x = 0.05 (Eg - 1.50 eV), it is believed that this 20% 
objective is achievable in the near future. 

The efforts in studying the EOL efficiency of GaAs cells should be continued. 
Results presented in this conference have shown that proton damages in GaAs do not 
appear to be severe. 

The concentrator cell technology is already more advanced than the 

concentrator optical element and array technology. There are no major 
technological obstacles that can be forseen at this time. 

There were extensive discussions on the process technology in GaAs cells. 
Liquid-phase epitaxy (LPE), used by Hughes Research Laboratories, has been adopted 
by two Japanese companies which each produce about 10,000 2 cm x 2 cm GaAs cells 
per month. Therefore, mass production of GaAs cells by LPE does not appear to be a 
4 problem. Chemical-vapor deposition (CVD) , however, is still believed to be more 
flexible, and should be more adaptable for advanced cell structures. There are no 
obvious problems that should limit the process yield by either technology. 

» The workshop participants stressed that for either GaAs cells or advanced Si 

cells such as 2-mil Si cell to be used in space vehicles, the users must be 
educated. There appears to be a lack of pioneer spirit in the United States, and 
it is likely such cells will be first widely used in Japan. 

With regard to technology transfer, it is believed that market demands will 
automatically generate technology transfer, and the workshop participants did not 
feel it is a problem. 
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In summary, the major recomendatlons are: 

SI cells 

• BOL efficiency Is not a major problem 

• EOL efficiency needs more research 

GaAs Cells 

• Bring BOL efficiency up to 20% at AMO 

• More proton-damage tests 

• Concentrator cell technology is more advanced than concentrator 
optical element and array technology 

• LPE technology is here NOW, and Japan is using it to mass-produce 
GaAs Cells 

• CVD technology Is more flexible 

• No obvious problems in limiting process yields 

General 

• Community must be educated to accept GaAs cells and 2-mil Si cells 

• Technology transfer would occur when market demands are generated 
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RADIATION DAMAGE WORKSHOP 


Paul M. Stella 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 


Although a number of topics were considered at this workshop, the possi- 
bility of near term availability of GaAs type cells in quantity, served to 
provide a focus. In particular, concern was voiced that the lack of sufficient 
data regarding the radiation behavior of such cells would compromise any ready 
acceptance. In fact, potential mission use for GaAs was presently felt to be 
limited to those requiring high temperature survivability, those where array 
area was critically limited, and possibly missions that would experience electron 
dominated environments. Clearly the non radiation aspects have been accepted 
with greater confidence. In order to remedy this situation it will be necessary 
to have the damage equivalences and behavior under various types of radiations 
and energies well defined. In support of this, but not as critical to device 
acceptance, will be the characterization of the damage defect mechanisms in 
order to fully understand the role of materials and processing on cell behavior 
and reproducibility* 

Although silicon is a much more mature device material, concern was ex 
pressed regarding the available radiation data base. Due to the changes that 
have occurred in silicon cells and evaluation capabilities since the 1960 s, 
it was felt to be important to establish more accurate silicon damage equiva 
lents. Although results are not yet available, it was pointed out that such a 
program was underway at JPL with NASA and AFWAL funding for silicon and GaAs 
devices respectively* 


Additionally, it was pointed out that it was not always possible to compare 
results from different researchers, since the test matrices rarely contained 
any common ’’reference" cells. The workshop group sugpsted that this be 
addressed in future studies by establishing a ’’standard' silicon cell w ic 
could be used as a benchmark. This was then extended to the concept of a 
large quantity cell purchase possibly by NASA and/or DOD of a common production 
cell type that could then be made available for various radiation experiments. 

Some discussion centered on a question regarding the possibility of further 
improvements in GaAs and silicon cell radiation behavior. For GaAs the answers 
reflect the lack of knowledge regarding what the baseline behavior is. Suggest- 
ions such as N/P vs P/N configurations, shallower junctions, and annealing 
were mentioned, as in previous meetings, but no new quantitative justifications 

were offered. 


For silicon the situation was under standedly quite different, since it has 
been in use for over 2 decades. The recent reductions 

funding contributed to the lack of any suggestions for breakthroughs although 
number of improvements Were suggested. Without any specific indicatio 
payoff these areas included: 


A. Low Carbon, Low Oxygen Silicon Material: Indications of radiation 

damage defect reduction have been observed although the material is 
presently unavailable in any reasonable volume. 
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B. Lithium Counterdoping; This method has shown the potential for remov- 
ing damage in irradiated P-type material, although initial efficiencies 
are not comparable to current state of the art. The possibility of 
refining the lithium doping method to maintain high initial efficien- 
cles and combining it with radiation tolerant structures such as 
thin BSF cells or vertical junction cells could provide a substantial 
improvement in EOL efficiencies. Introduction of the lithium into 
the cells in unconventional patterns such as grid or checkerboard 
designs or through use of the VMJ cell base for lithium storage may 
be of interest. 

C. Improvement of junction quality; Laser annealing of junctions, 
either those formed from ion implantation or diffusion, may not only 
improve initial cell performance but might also reduce the radiation 
degradation rate. 

D. Annealing of silicon was not received with enthusiasm. The barriers 
to high temperature insitu annealing that presently exist make this 
primarily a lab diagnostic tool. 


Materials other than GaAs and silicon were generally considered too 
Immature for very reasonable radiation evaluations. The lack of concern over 
the possible catastrophic radiation degradation in cascade cells was felt to 
be a potentially serious problem. It was suggested that some characterization 
of these devices be made on available samples to prevent extensive development 
of a space ’’useless" device. 

Materials such as amorphous silicon and CuInSe 2 based devices should be 
monitored. Although present efficiencies are low, some limited testing has 
revealed very low electron degradation rates, which could provide superior 
cell output at very high fluences when compared to silicon or GaAs cells. If 
^^p^'^^tion rates can be achieved with higher initial efficiencies (10- 
12%), these devices would be superior to silicon and GaAs based cells at EOL 
on a number of missions. The minimum effort required for an ongoing assessment 
would readily be justified based on the potential return. 
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ADVANCED DEVICES WORKSHOP 


N. Ludowise 

Varlan Associates, Inc. 
Pa1o Alto, California 


4 


A 


The Advanced Devices Workshop considered five primary questions: 

1. Is satisfactory progress being made toward the 30 percent AMO goal? 

2. What are the critical barriers and approaches to solving them? 

3. What are appropriate cost goals for cascade cells? 

4. ■ What fundamental materials research do we need to support 30 percent 

cascade cell development? 

5. What are the approaches other than monolithic stacks for achieving 30 
percent or greater efficiency at AMO? 

A summary of the general consensus of the group will be given, keyed to 

the above questions. 

1. Satisfactory progress is being made toward a 30 percent cell considering 
the coiiHJlexity of the materials and device design problems involved. 

Some discussion centered on whether or not a 30 percent three-junction 
cell is an appropriate goal, rather than say a 28 percent two-junction 
device. Although on the surface the goal of a three-j unction cell seems 
much loftier than a two-junction cell, the three-junction work relies on 
two-junction demonstrations as milestones. This means that the 
two-junction approach is in fact ongoing as a part of current 

three-j unction work. 

2. Several hurdles to overcome were identified, but the participants 
considered none of them as critical steps in the path to a 30 percent 
cell. The problems identified fall more in the category of either being 
necessary to ensure reliable cells with good EOL performance or as being 
desirable improvements to ease manufacturability. 

a. The cracking of III-V epilayers (GaAs and others) on Si (and 
possibly 6e) should be carefully studied. Specifically, 
low-temperature growth of the films should be examined, with an aim 
of preventing the initial cracking during growth. Also, thermal 
cycling of epilayers, preferably as fabricated cells, should be done 
to determine whether new cracks develop and if they degrade the 
cells. 

b. Contacts and interconnects are an ongoing concern. For 
manufacturability, a planar buried interconnect is desirable. This 
category includes tunnel junctions, Ge interconnects, and so-called 
"defect" interconnects in which highly dislocated material is used 
to ruin the reverse junction. MIC^ or three-terminal -type 
contacts are nonplanar alternatives, but with process and yield 
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tradeoffs. All of these approaches are currently under 
Investigation. 

c. It was suggested that thermal cycling effects on the degradation of 
mismatched III-V cells on GaAs substrates also should be 
Investigated. This can be done by using existing 6aInAs/GaAs cells. 

d. Finally, radiation damage effects on lattice-mismatched cells are of ^ 
some concern. In terms of further propagation mismatch defects. 

Radiation effects on series-connected cascade cells Is a serious 

concern In that If one subcell decays differently than the other, 
the cell suffers additional current-mismatch losses. Alternative 
approaches such as four-terminal, three-junction structures. 

Including mechanically stacked and monolithic structures, may need 
to be considered. Some participants felt the radiation damage Issue 
may be the most serious Issue for cascade cell design. Others felt 
that, for LEO concentrator applications, thick cover glasses could 
provide sufficient shielding with little weight penalty. 

3. The workshop had difficulty determining what the cost goals should be and 
decided that this will ultimately be mission and market driven. 

4. Quite a bit of discussion centered on source-alkyl purity for the MO-CVD 
process. The cooperation of manufacturers of these materials will be 
necessary, but that too will be market driven. In only one specific 
Instance, that of AlGalnAs, was source purity cited as having been a 
fatal problem. The workshop concensus was that the materials work should 
always be coupled to a device goal. In that way, the relevant materials 
work will be Incorporated as appropriate Into the programs. 

5. The workshop concluded that cascade semiconductors, from a historical 
perspective, still seem to be the best approach to 30 percent efficiency 
at this time. The participants felt that the community should try to be 
aware of developments In other fields that may be Important but that In 
a meeting of PV specialists. It Is difficult to break out of thinking In 
terms of semiconductors. 
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SOLAR ARRAY TECHNOLOGY WORKSHOP 


V 


H. S. Rauschenbach 
TRW Space & Technology Group 
Redondo Beach, California 


• Requirements Analysis 

— There are many users with diverging needs 

— High specific performance arrays are enabling for some missions, but 
not for all 

— Higher W/m^, W/kg; allow more payload 

-- Low $/W may be enabling for some missions (large arrays) 

• Near-Term Needs: Space Station Array 

— Area (drag), cost, storage volume, and weight 
— Orientation (minimum drag or Sun orientation) 

— Robustness (docking and crew loads, maintenance, growth) 

• Near- to Far-Term Needs: Department of Defense Missions 

— Low-altitude orbits, survivable 
— High-rad1ation orbits, 5-50 kW, weight critical 
— Synchronous, 5-15 kW, medium radiation, weight critical 

• Continuing Needs: Commerical and Government 

— Rigid panels providing transfer orbit power 
— W/m^ and W/kg improvements from program to program 

TECHNOLOGY REQUIREMENTS FOR CONCENTRATOR ARRAYS: 

• Establish Long-Term Environmental Stability of Reflector Surfaces 
— Protons, UV, micrometeorites, oxygen, vehicle emissions 

• Develop More Efficient, Large Support Structures 

— Deployable/erectable masts, booms, platforms 

• Develop Required Associated Mechanisms/Hardware/Cables 

— Hinges, latches, cable service loops 
— Connectors, electrical/mechanical, self-mating 
— SADA/power transfer assemblies (stiffness) 

• Develop Electro-Optical Measurement Techniques 

— Collimation angle, source image, light level standard 
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• Resolve Long-Term Reliability Issues 

— Elevated operating temperature, 6aAs annealing temperature 
— Cell contacts, other array components, and materials (adhesives) 
— Thermal cycling temperature limits 

• Develop Manufacturing Technology and Develop Cost Models 

. Optimize and Characterize Advanced Solar Cells (GaAs) 

— Optimized for concentrator spectrum and Intensity pattern 
— Define minimal shielding thickness 

SPECIFIC POWER GOALS FOR THE 1990' s: 

• W/kg Goals are Inadequate by Themselves. Must Be Related to 

— Array area (power level) and configuration 

Deployed natural frequency (stiffness, flatness) 

— Environmental requirements (radiation, lifetime) 

— Survivability requirements (man-made environment) 

Mission constraints (restowage, docking loads, view obstruction) 

• W/m^ Is More Important for Some Missions than W/kg 
— Space station (drag) 

— Department of Defense missions (special requirements) 


• Propose "300" Plan; 

— 300 W/m2 (BOL) 

— 300 W/kG (BOL) 

— 300 V (V^) 

CRITICAL TECHNOLOGY ADVANCES REQUIRED FOR "300" PLAN: 


Advanced Solar Cells for Planar Arrays 


- 2-mll, 8x8 cm, GaAs-based cell on SI substrate , * . o 

- Mechanical cascade cell (3 or ♦ terminal), followed later by electrical 


cascade cell 

— Plasmon converters 

— Other new photovoltaic converters 


• Advanced Blankets 


— Mechanical cascade blankets 

— Metallic blankets (Instead of Kapton) 


Advanced Power Processing 
— 300-V array voltage 

On-array processing (lower power subsystem weight) 


Understand Space Charging Engineering 


— Continue problem definition (small and large arrays) 

-- Investigate active potential control to prevent arcing 
— Develop power drain (plasma leaking) suppression techniques 

TECHNOLOGICAL APPROACHES FOR >200 kU: 

• 300-Plan Leads to reduced W/m^ 

— More manageable array area, stiffness, etc. 

• Fallout from Implementation of 300-Plan Will in Part, Define Approach for 
Larger (>200 kW) Arrays 

• Innovative New Approaches (Inventions) Should be Strongly Encouraged and 
Funded 
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